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EARTH PRESSURE EXPERIMENTS ON CULVERT PIPE 


RESULTS OF RESEARCH BY THE UNIVERSITY OF NORTH CAROLINA IN COOPERATION WITH THE NORTH 
CAROLINA HIGHWAY COMMISSION AND THE UNITED STATES BUREAU OF PUBLIC ROADS 


By G. M. BRAUNE, Dean of School of Engineering; WILLIAM CAIN, Professor Emeritus of Mathematics ;and H. F. JANDA formerly Professor of Highway Engineering, 
a jlof the University of North Carolina ! 


XPERIMENTS relating to earth pressures on 
culvert pipe were initiated at the University of 
North Carolina in 1923 in cooperation with the 

North Carolina State Highway Commission. The 
additional cooperation of the Bureau of Public Roads 
was obtained in 1925. The object of the experiments 
was to secure data for use in the design of highway 
There is no exact method of determining the 
behavior of an elastic pipe culvert under the variable 
loads produced by granular fill material. Deformations 
in the culvert produced by the load result in a rear- 
rangement of the material producing the deformation. 
This rearrangement of material is affected by the cohe- 
sive and frictional qualities of the soil. 


Since the problem did not lend itself to analysis 
without experimentation it was decided to make field 
tests to determine the earth pressure on culvert pipe, 
to ascertain the elastic behavior of the pipe under these 
loads, and to attempt to correlate the field data with 
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FIGURE 1.—ARRANGEMENT OF TEST APPARATUS FOR TESTS 
UNDER CONDITION OF 50 PER CENT PROJECTION 


laboratory tests in such a manner as to provide design 
data. 


Dean Anson Marston of Iowa State College, at Ames, 
Iowa, has conducted large scale experiments for several 
years, along lines similar to the work at Chapel Hill. 


Experiments to determine earth pressures on culvert 
pipe have been made near Farina, IIll., under the 
auspices of the American Railway Engineering Asso- 
ciation. 





1 Valuable personal aid and criticism has been furnished by Frank H. Page, 
Charles M. Upham, C. N. Connor, G. W. Hutchinson, F. E. Schnepfe, R. T. Giles, 
E. H. Kivett, F. C. Pritchett, and W. E. Hawkins, of the North Carolina State 
Highway Commission; A. T. Goldbeck, E. F. Kelley, George W. Davis, and A. L. 
Gemeny, of the United States Bureau of Public Roads; T. F. Hickerson, of the 
University of North Carolina; Milo 8. Ketchum, of the University of Illinois; and 
R. W. Crum, of the Iowa State Highway Commission. 


Materials for use in the experiments were supplied by the Portland Cement Asso- 
ciation; the National Tube Co., of Atlanta, Ga.; the American Casting Co., 0 
Birmingham, Ala.; the Armco Culvert and Flume Manufacturers Association; and 
the Standard Sand and Gravel Corporation, of Gravel Pit, N. C. 


Recognition is due the research fellows who have performed a major portion of 
the work and the collection of data at the experimental station. The following men 
have served as research fellows: J. G. Wardlaw, jr., and L. B. Aull, jr., 1923-24; 
H. McC. Holmes, jr., and Harry Cantey, 1924-25; W. C. Johnson and W. McK. 
Franklin, 1926-27; and E. G. Dobbins and H. A. Schmitt, 1927-28. 
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Other experimental work relative to earth pressures 
has been performed (see bibliography at end of report), 
but the application of earth pressures to culvert pipe 
has been confined to the two projects noted above. In 
both of these the method of approaching the problem 
has differed somewhat from that used at the University 
of North Carolina. 

The tests at Chapel Hill were conducted on 20 and 30 
inch pipe of various materials, using sand and clay fills. 
In all tests of the first series the pipe was placed in what 
is termed ‘‘the condition of 50 per cent projection ’’— 
that is, only one-half of the circumference of the pipe 
was exposed to the fill. In the first portion of this 
series the fill was placed over the pipe exposed in this 
manner, and later conditions were modified by placing 
and compacting a portion of the fill and then excavating 
a narrow trench to expose the pipe (in condition of 
50 per cent projection). The trench was then back 
filled and the fill completed in the usual manner. This 
was called the “‘trench condition.” 

The most pertinent data were obtained in the second 
series of tests in which the entire surface of the pipe 
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Figure 2.—TuHE Hovusina CuLvert UNDER CONSTRUCTION 


was exposed to the fill and information was obtained 
not only as to the load on the pipe but also as to the 
radial earth pressure and the deflection of the pipe. 


ARRANGEMENT OF APPARATUS DESCRIBED 


A site suitable for the experiments was found about 
1 mile south of Chapel Hill, N.C. This site was easily 
accessible, was quite near an excellent supply of sand 
and clay for filling material, and required comparatively 
small quantities of fill to reach the desired height of 
embankment. ‘The profile of the original ground per- 
mitted a good location for the test apparatus and for 
the formation of embankment up to 20 feet in height, 
or greater if desired. 

The original apparatus was designed to simulate 
field conditions and measure vertical earth pressure 
only. The upper half of the pipe surface was to be 
exposed to earth pressure—a condition hereafter re- 
ferred to as 50 per cent projection—and the pipe was 
to be supported by weighing apparatus so arranged as 
to permit observers working beneath the pipe. Figures 
1, 2, 3, and 4 indicate the general arrangement. 
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The housing for the weighing apparatus (fig. 2) con- 
sisted of a reinforced concrete box culvert 58.5 feet 
long, 7 feet wide, with a clear height of 7 feet. Suf- 
ficient excavation was made for the housing culvert to 
allow the test pipe being placed at the desired elevation. 

The weighing apparatus which was placed inside the 
culvert box consisted of four platform scales, each hav- 
ing a capacity of 30,000 pounds, designed and con- 
structed especially for these experiments. They have 
been calibrated a number of times during the experi- 
ment and are thought to be accurate. Steel columns 


cohesion, the vertical earth pressure exerted upon the 
pipe being observed on the scales. 

In determining passive pressures the poise was kept 
in, thus allowing the platform to be deflected down. 
In making a reading the counterpoise was moved out to 
the point of balance and the scale platform tended to 
move up, and was resisted not only by the weight of the 
earth but also by its friction and cohesion. 


CHARACTERISTICS OF FILL MATERIAL DETERMINED 


Sand was used as the first filling material because of 
its homogeneous character and relatively low coefficient 
of cohesion. Its more uniform character makes it better 
than clay or other materials as a standard substance for 
comparison of the behavior of the various kinds of pipe 
under the different conditions of installation. Clay was 
used as a filling material later in order to compare the 
effects produced by the two different materials. 

The sand was obtained from the bed of a creek about 
a half mile from the experiment site. It had angular 
erains, was of a reddish-brown appearance, and was 
well graded. During the tests, physical characteristics 
of the sand were determined at suitable intervals. The 
properties of the different samples varied but little and 
the average values are in Table I. 





xe 

by 

0 
7 





Ah SEo Rag ED aa RE IIE ET EE 
= —— - 








FIGURE 3.—Tops oF COLUMNS FOR SUPPORTING PIPE IN 
CONDITION OF 50 PER CENT PROJECTION AND INSIDE OF 
Housing CULVERT 


(fig. 3) extending up to the roof of the weighing chamber 
were supported on the scale platform, and the test pipes 
were placed on top of these columns. 
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The columns were only 5 feet 4 inches long, but In Figure 4.—Prre 1n Position For 50 PER CENT PROJECTION 
order to prevent any appreciable deformation they were TEST d 
Es ie with es mes i haemo oe et es i TABLE 1.—Average tesi values of sand used in fill : | 

BED Le pt eu if. a hee pe i hae ns ae i aa ah t Weight per cubic foot, loose (shoveled in) ~-___- pounds__ 80.7 i 
The concrete roof of the weighing chamber had a slot weight per cubic foot, well shaken (deposited in 3-inch | 
(fig. 3) large enough to permit the insertion of the test —_ layers and shaken by hand to refusal) .____- pounds__ 104. 2 
pipe. Resting on the columns were the four joints of Elutriation loss_....._.._.....-------------- percent.. 865 : 
pipe, held in place by small angles bolted to the columns MECHANICAL ANALYSIS ; 
(figs. 1 and 4) and spaced sufficiently far apart to allow | 
free deflection of the pipe. In order that uniform con- Cumu- Cumu- Cumu- : | 
ditions might be obtained, the pipe was extended Sieve No. percent- Sieve No. percent- Sieve No. percent- & | 
beyond the test sections so as to cover the entire width pee sao ie peere: | 
of the fill and was supported on the concrete slab. é | 
Each section of test pipe was 2) feet long. i. Ae ae A ee aS Pe ae ¢ 

diff a ees ee nee SRY | eee ea BL. 200 sa eo a 98. 5 : 

In conducting the tests it was necessary to differenti- #----------------- “A Emp eee cna By a es rarer me 
ate between active and passive pressures. The move- Boon nnonancena 127) 85.0 87.8 |) 200. ona 99.3 | 
ment of the scale platform during a weighing operation ~~~ ih) ea we lero hag q 
as calculated from the movement of the balance arm ee < xa b 

ine 1 r peciliic: gravity. eee She We ; a. 
Ae ony ges ae Aang ier S: un eee. pape Percentage of solids, material tamped, 9 per cent moisture_ 57. 6 ‘ | 
taken Le the elasticity o he ee Dat Say tee Percentage of solids, material well shaken, 9 per cent | 
very slight movement of the:platform; ‘Therefore; am) spintahires ee ee 50. 8 q 
order to record active pressure, the tendency of the Percentage of solids, material loose, 9 per cent moisture__ 43. 5 | 
movement of the scale platform would have to be in a Peneataes e a oe abel: Wat aerai nines aa : | 
downward direction. This condition was obtained by Porcantagalsiuitr vaida. Materia’ tareiped eens alan aan O77 
running the counterpoise out so that the beam was ; 
always down and the platform up.. When the readings | The clay used in constructing the fills of that mate- ; 
were taken the poise was run in until the beam just rial was obtained from a nearby borrow pit. The - 
began to rise. Thus the mass of the earth tended to physical characteristics as determined at suitable in- 5 
move down and was supported in part by its friction and tervals are given in Table 2. q 
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TABLE 2.—Average test values of clay used in fill 


Percentage of clay as determined by elutriation_________ 43. 9 
Cementation test (number of blows necessary to cause 
RRs CRE i ane eels Dee Sales ek 160 


SIEVE ANALYSIS ON RESIDUE LEFT AFTER ELUTRIATION 
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| Cumu- Cumu- | Cumu- 

; | lative ; lative || | lative 
Sieve No. | percent- Sieve No. percent- || Sieve No. percent- 

age re- | age re- | age re- 

tained | tained | tained 

| } 

— | a Th -~— —_ 
on, LS) Ue ee a Beet OE, cuteceae | 34.3 
ee | De NEB oetcaeryees vows: 25.8 | Retained on 200__| 55.9 




















Weight per cubic foot, determined by weighing a cubic foot of soil as cut from 
each 1-foot increment in placing fill, 121 pounds. 


SAND FILL USED FOR FIRST TESTS 


The pipe used in this test was of cast iron and had 
an inside diameter of 30 inches and a barrel thickness 
of linch. The four test sections were placed as previ- 
ously described (50 per cent submerged below the 
concrete roof), care being taken to see that the scales 
were in proper working order and that the pipe sec- 
tions were centered. Approximately 1 inch of clearance 
was allowed between the pipe and the concrete roof 
slab, and about half an inch was allowed between the 
pipe sections. A canvas tarpaulin was spread over the 
pipe sections and tucked around them in such a man- 
ner as to prevent water and sand from coming through 
the cracks. This was done carefully to avoid any re- 
straint upon the movement of the sections. 


Sand was filled around the pipe until it was level 


with the top, being done with hand shovels to prevent 
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FicurE 5.—RESULTS OF TESTS WITH SAND FILL ON CAST- 
Iron PreE—50 PER CENT PROJECTION 


a displacement of the sections. 


pressure on the pipe at this point was the difference 
between the initial tare weights and the final weights 
as indicated by the scales. Filling was continued in 
increments of 1 foot, the material being hauled upon 
the fill in wagons and dumped. Each layer was care- 
fully brought to grade and leveled, control being main- 
tained by a bench mark referenced to the top of the 
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FIGURE 6.—CHE 


pipe sections. The height of fill was considered as so 
many feet above the top of the pipe, a 10-foot fill mean- 
ing 10 feet above the top of the pipe and not above the 
concrete slab where it actually started. The active 
pressures were determined for each increment of fill 
height, as described for the fill when level with the top 
of pipe. 

A roadway width of 24 feet was maintained through- 
out the construction of the fill and, except during actual 
work on the fill or during pressure observations, a 
tarpaulin was kept over the surface in order to prevent 
appreciable variations in the moisture content. This 
tarpaulin was used in all tests except in the determina- 
tion of time and weather effects. 

Filling was started June 11, 1924, and was completed 
at a height of 20 feet on October 1, 1924. Readings 
were taken at various intervals as the fill was removed, 
and recorded in the same manner as those obtained 
while the fill was being placed. 

Figure 5 shows the results of this first test in graphic 
form. The scale readings were converted into pounds 
per lineal foot by dividing each reading by the length 
of the pipe sections, 2% feet, and then computing the 
average for the four sections. The curve shows the 
height of fill plotted against the pressure on the pipe. 
The weight of the material directly over the culvert 
as computed from the actual weight per cubic foot is 
also shown plotted on the same scale. 

Assuming W equals the weight of the prism of earth 
directly over the culvert pipe and P equals the pressure 


ea 
transmitted to the scales, a ratio, K= a may be de- 


termined for the different heights of fill. For a fill 
of 4 feet, AK approaches unity and decreases as the 
height of fill increases. For a fill of 20 feet A becomes 
0.807. 

The curves show that for equal heights of fill the 
pressures during removal were greater than during the 
filing. This was because the pipe was already deflected 
during removal. The pressure upon the top of the 


Each scale was bal- pipe was lessened as the earth was removed and the 


anced by running the counterpoise in, and the pressure pipe tended to recover its original shape. It was par- 
was then observed and recorded. The actual active tially restrained by the passive pressure of the prism of 
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earth. 
and exerted an upward pressure until the passive pres- 
sure could be overcome. Equilibrium between the 
‘‘spring”’ pressure of the pipe and the passive pressure 
of the soil was maintained throughout the removal of 
the fill. 


TESTS WITH CLAY FILL AND 50 PER CENT PROJECT ON MADE 


The apparatus used in this test was the same as that 
used in the preceding sand-fill test, the same 30-inch 
cast-iron pipe being used. 

The procedure for obtaining the scale pressures was 
also the same as in the preceding test. However, after 
the 3-foot level had been reached, the clay was rolled 
at each 1-foot increment by a 4-ton road roller. It 
was not rolled before the 3-foot level had been reached 
because of the danger of displacing the pipe. It was not 
practical to maintain a uniform width of roadway by 
filling on the slopes at each increment in height, as with 
the sand; so the bottom of the fill was made sufficiently 
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Figure 7.—RESuULTS OF TESTS wiTH CLAY FILL ON CasT- 
Iron PrirpE—50 PER CENT PROJECTION. WEIGHTS INDI- 
CATED BY STAR OBTAINED BY AN APPROXIMATE METHOD 
AND NoT USED IN CALCULATIONS, OTHER WEIGHTS 
OBTAINED BY WEIGHING SAMPLE CUT FROM EMBANKMENT 


wide to permit a 1% to 1 slope, giving a roadway width 
of 23 feet at the completed height of fill. 

Filling was started on November 20, 1924, and was 
completed on December 22, 1924. A height of 14 
feet was reached. 


The removal of the fill was started as soon as the 
filling was completed and was done in 2-foot decre- 
ments. The earth pressure transmitted to the scales 
was determined at each decrement. ‘This operation was 
completed on January 27, 1925. 


Figure 7 shows that the pressure on the pipe in this 
test was approximately equal to the weight of the earth 
directly over it. The variation was almost negligible, 
and so, for this test, A=1. 

The pressures during removal of the fill were greater 
than during the filling at equal heights, as in the first 
test and for the same reason. 
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H CONDITION RESULTS IN REDUCTION OF PRESSURE ON 
Thus, the pipe acted as a compressed spring TRENCH © ae 


A second test with clay filling material was performed 
upon cast-iron pipe in what was termed the ‘trench 
condition.’ The trench condition is that in which pipe 
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Figure 8.—REsSvuuts oF TESTS WITH CLAY FILL ON CastT- 
Iron PrpE—50 PER CENT PROJECTION, TRENCH CONDITION 


is installed with its upper surface below the level of the 
eround alongside. ‘To insure proper seating of the 
pipe sections and to avoid installing the sections in a 
narrow trench, the following procedure was adopted. 
The clay fill was built to a height of 4.15 feet above the 
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FIGURE 9.—COoNDITION OF FiLtt at ENpD oF TIME AND 
WEATHER TESTS 


top of the pipe and a trench 3.5 feet wide was dug to 
expose the entire length of pipe under the fill. The 
trench was then back filled loosely by hand until the 
level of the 4.15-foot fill was reached. From this point 
the filling was carried on by teams and wheelers until a 
height of 11.05 feet had been reached. The last 6 inches 
of fill placed was sand. 

As in the preceding test, this fill was rolled, and the 
effect of live loads was also observed. It was found 


that the vertical pressures on the pipe were less in the - 


trench condition than in the preceding 50 per cent 
projection condition test, using the same filling material. 
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FiaurE 10.—Errect or TIME AND WEATHER ON PRESSURE EXERTED ON Cast-]RON Pipr, Cuay Fivtt 11.05 Freer Deep, 
50 Per Cent ProsEectTion, TRENCH CONDITION 


This is clearly shown by a comparison of Figures 7 
and 8. 
TIME AND WEATHER TESTS MADE 


On the completion of the fill in the trench condition 
test it was decided to allow the fill to remain in place 
for one year to study the effect of time and weather 
upon the earth pressures transmitted to the pipe. 
The test was begun February 25, 1925, and extended 
through May, 1926. 

The pressures decreased from March 3, 1925, to the 
middle of August, when a total decrease of 33 per cent 
had taken place. After that time a slow increase 
occurred, until at the conclusion of the test approxi- 
mately one-third of the lost pressure had been recovered. 

The rapid decrease in pressure may be attributed to 
the drying and shrinking of the initially saturated clay, 
resulting from the summer’s unusually low rainfall. 
The increase in pressure is probably the result of a 
slow failure of the trench and of an increase in moisture 
content of the clay during the fall and winter months. 

Variations in the rainfall have but little effect, if any, 
upon the pressure, as shown in Figure 10. 


CONCENTRATED LOADS APPLIED THROUGH FILL 


Because of the lack of data concerning the transmis- 
sion of pressure through soils, especially that of live 
loads through embankments to culvert pipe, it was 
ote to investigate the additional pressure due to 
trafic. 

At each observation of the pressure on both the clay 
fills with the 50 per cent projection and the 50 per 
cent projection with trench condition, a 4-ton road 
roller was moved along the center line of the roadway 
over the test sections, from a point where no effect 
upon the scales was perceptible to a point where the 
effect had disappeared, halting at intermediate positions, 
usually 2 feet apart, for a complete observation of the 
arth pressure transmitted to the scales. 

To conform with the other data tabulated the 
increases were calculated in pounds per lineal foot of 
pipe. Up to the 8-foot level, the two inside scales 
received much greater increases in pressure than the 
two outside scales; and since it was desirable to obtain 
the maximum effect, the two scales nearest the center 
line were averaged. Above the 8-foot level, all four 
scales were averaged because the increments were 
approximately the same. 


It was found that there was a residual pressure on the 
pipe after the passing of the roller for the first 50 
per cent projection condition but not for the trench 
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D 
condition. Representative curves for both 50 per 
cent projection conditions are shown in Figure 11, using 
the average increment in pounds per lineal foot as 
ordinates and the position of the front roller of the 
road roller, with referenea to the center line of the 
culvert, as abscissas. Ty maximum increase of 
pressure occurred when the rear or heavy roller was 
directly over the center lime of the culvert. The 
increase in pressures for low fille is quite marked. 

For the trench condition the increase was not marked 
unless one of the rollers was over the trench. (Fig. 11.) 
It appeared that after the passage of the roller over 
the 7.05 and 5.4 foot fills, trench condition, there was 
less pressure than before.. No reasonable explanation 
for this phenomenon has been discovered. 


SECOND SERIES OF TESTS OUTLINED 


On completion of the 50 per cent projection tests 
the results indicated the importance of continuing the 
experiments according to a well-defined outline. The 
work suggested was as follows: 

1. All pipe to be placed under the fill in a 100 per 
cent projection condition. 
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2. Vertical pressures to be measured by means of 


scales. 


3. Radial pressures to be measured by means of soil- 
pressure cells. 

4. Pipe of various degrees of rigidity to be used so 
that deflections under the fill loads would be varied 





OF THE SOIL OVER PIPE 


from practically zero to the maximum permissible, 
without causing failure. 

5. ‘Two sizes of pipe to be tested. 

The clay fill used in the time-and-weather tests was 
removed to the level of the top of the box culvert for a 
distance of 12 feet on each side of the test pipe and 





Fiaure 13. 


Support IN 100 PER Cent ProJec- 
TION TESTS 





ARRANGEMENT FOR PIPE 


the sides were stepped back on a slope of 45° as shown 
in Figure 12, to prevent any tendency of the filling 
material to wedge or arch over the pipe. The scales 
were removed, cleaned, and recalibrated, and then 
replaced with the columns, as in the former tests. 
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Since the columns were designed to support the pipe 


in the 50 per cent projection tests it was necessary to 


raise the support to the level of the top of the chamber 
Concrete caps were 


for the 100 per cent condition. 
placed on top of the columns, and were made to fill 
the opening with clearance enough to permit vertical 
motion without touching the sides of the slot. (Fig. 
13.) A sheet of canvas was placed across the column 
caps with sufficient overlap onto the adjoining slab 
to prevent sand and water from entering the weighing 
chamber. 

The test sections were carefully placed on the 
column caps so as to insure an independent move- 
ment of each section. Blank sections of the same 
type as the test sections were placed at each end so 
as to produce the effect of a continuous pipe across 
the entire fill. 

New Goldbeck soil-pressure cells of the improved 
brass type were attached to the test sections by means 
of small steel brackets and 44-inch bolts, as shown in 
Figure 14. The bolts extended through the walls 





FiaurEe 14.—PosiIrion oF PRESSURE CELLS 
ON CORRUGATED METAL PIPE 


of the pipe, except in the case of the cast iron, solid 
plug, and concrete sections. In these cases the 
cells were bolted to light sheet-metal bands which 
were securely fastened around the pipe. The cells were 
placed on a circumference of each section spaced at 45°, 
the one at the bottom point being omitted. 

The location and notation of the cells Nos. 1 to 7 
are shown by Figure 15. Cell No. 4 measures vertical 
pressure at the top of the pipe; Nos. 2 and 6, the 
horizontal pressure; Nos. 3 and 5, the pressure at 
45° from the vertical, on the upper side of the pipe; 
and Nos. 1 and 7, at the same angle from the vertical, 
on the under side of the pipe. The cells were not 
countersunk, hence their top surfaces were 1% inches 
above the plane of the supporting surface. Flexible 
connections consisting of heavy rubber hose were 
used to convey air and the electric wiring to the 
edge of the slot. From this point 14-inch metal pipes 


led to the indicating instruments in the chamber below. 
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Each cell was provided with a separate connection 
and was entirely independent of all others. 

The deflections were measured with a special Browne 
& Sharpe inside pipe micrometer, reading to one- 
thousandth of aninch. The deflections of the 30-inch 
pipe were measured on six diameters; the horizontal, 
the vertical, and at 30° and 60°, respectively, from 
the vertical on each side of the pipe. These diameters 
ure shown in Figure 15, and are designated DD’, 
AA’, BB’, FF’, CC’, and EE’. Indentions were 
drilled at these points for the insertion of the ends of 
the micrometer. In the case of all the 20-inch pipe 





FIGURE 15.—ARRANGEMENT OF PRES- 
SURE CELLS ON PIPE CIRCUMFER- 
ENCE 


and the 30-inch concrete pipe, only the horizontal 
and vertical deflections were read. 

The tests on the various pipes were made under 
as nearly similar conditions as possible. The fill 
was made of the same sand used in the earlier tests 
and was placed in the fill with drag pans. The teams 
moved in a direction parallel to the pipe until the 
1-foot level was reached. Up to this level the sand 
was thrown around and over the pipe by hand and 
lightly tamped with shovel handles. After the 1-foot 
level had been reached the teams traveled in a direction 
at right angles to the length of the pipe. 

The fill was built in 1-foot increments with a roadway 
width of 24 feet. The side slopes were constructed by 
allowing the material to fall freely over the shoulders. 
At each foot of height the fill was leveled off to within 
0.05+- foot of the nominal height. A Y-level was 
used for controlling the grade. Unusual care was 
taken to prevent material being piled above the eleva- 
tion at which the next set of readings was to be taken. 
A maximum fill height of 12 feet was used for all the 
tests. 

Seale readings indicating total vertical load, cell 
pressures indicating radial pressures, and diameter 
measurements indicating deflections were recorded for 
each foot of fill placed and at intervals of 2 or 4 feet 
while it was being removed. The scale counterpoise 
was kept on the outer end of the beam and brought 
in to the balancing point when a reading was taken, 
thus recording the active pressure. 

The weight of the filling material was determined 
from a sample obtained by driving into the fill a steel 
cylinder of %-cubic foot capacity and sharpened on 
the lower edge. 

The percentage of moisture present in the fill was 
determined from a sample, of not less than 500 grams, 
taken from the material present in the cylinder when 
a weight sample was taken. The tarpaulin used in 
covering the fill eliminated appreciable variations in 
the moisture content. 











DATA SHOWS RELATION BETWEEN HFIGHT OF FILL AND 
DEFLECTION AND LOAD ON PIPE 


Tests were made on the various types of pipe listed 
below: 


30-inch, 
30-inch, 
. 80-inch, 
30-inch, 
30-inch, 


smooth iron (thickness, 0.109 inch). 
corrugated metal (thickness, 0.105 inch). 
steel tube (thickness, 0.349 inch). 

cast iron (thickness, 1 inch). 

concrete (thickness, 2 inches). 

32-inch, solid plug. 

20-inch, smooth iron (thickness, 0.076 inch). 
20-inch corrugated metal (thickness, 0.079 inch). 
. 20-inch, solid plug. 


CONBDaAPRWNe 


The solid plug sections were obtained by filling the 
20-inch steel tube sections and the 30-inch cast-iron 
sections with concrete. 


The data taken in the field for each foot of fill con- 
sisted of 4 scale readings; 7 cell readings for each sec- 
tion, making a total of 28, and 6 diameters of each 
section, making a total of 24. Table 3 summarizes this 
field data, and is arranged in the order in which the 
tests were run. 


The four scale readings were added and the sum 
divided by 10 to obtain the load per lineal foot. The 
values obtained with the fill level with the top of the 
pipe were adopted as zero readings and were used as 
tare values to be subtracted from the succeeding values. 


The outside diameters of the pipe listed as 30-inch 
pipe vary from 29 inches for the concrete to 32 inches 
for the solid plug and the cast-iron pipe. In order to 
have a uniform basis for comparison and for plotting, 
the scale readings were converted to a value equivalent 
to a pipe of 30 inches outside diameter by simple 
proportion. 


The deflections were determined for each pipe by 
comparing the measured diameter under different 
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Figure 16.—VeErticaL Loaps TRANSMITTED TO 30-INCH 
Pipe (CoRRECTION Marr FOR VARIATION FROM 30 
IncHeEs), 100 Per CENT PROJECTION CONDITION, BY 
Various HEIGHTS OF SAND FILL. NUMBERS IN PAREN- 
THESES INDICATE THICKNESS. 


heights of fill with the diameter recorded for the fill 
level with top of pipe. If the diameter was greater or 
less than the value when the fill was at the top of the 
pipe, it was called plus or minus, respectively. The 
deflections for the four sections in each test were aver- 
aged to obtain the final values. 

Some of the cell readings were unmistakably erratic, 
and it was decided to use the following method in 
obtaining the final representative values. All cells in 
the same relative position were considered in one 
eroup—for example, the eight cells in positions 1 and 7. 
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TABLE 3.—Results of field tests on various pipe, 100 per cent projection, sand fill 
SMOOTH IRON 









































[Diameter 30 inches, 0.109 inch thick] 








































































































Ratio Deflection of diameters Cell pressures 
Scale ich 
Actual sca’e | reading Rome es Mol Wieiane 
Height of fill weight | Scale jreading corrected Ae eae 
: reading | to ac feats ure cubic 
over pipe ua} |t030-inch) pp | aay | BB’ | C-C’ | D-D’ | F-E’ | 1,7 | 2,6 | 3,5 foot 
P diameter ’ ’ ’ 
weight | 
Lbs. per | Lbs. per K 
Feet lin. ft. ling. . Per cent| Pounds 
Mid-point.......-.---- 72.2 92.5 | 1.27 92.5 | —0.204 | —0.234 | —0.036 | +0.204 | +0.218 | +0.027 |_......-|-.------ ee oe 4.8! 105.0 
Top of pipe—0 eae { a 3 0 ae ee 0 0 0 0 0 0 QO = |--------|-------- temecsisslccess ses Sse = =e 
ume pam: ee 267.5 | 232.5!  .87| 232.5) —.094) —.108| —.002| +.092| +.037| +.002| o9| 14| 15] 10] 62) 1020 
5 ree ok: ae 635.0} 480.0) 190} 480.0) —.171| —.261} —.054| +.189| +.019; +.062] 13) 24, 23] 22] 58] 106.0 
Ct ee 02.0) 6735) .84| 673.5| ~.223| —.383| ~.008| +.246) +.248) +.105| 17] 32) 3.0! .--81]..--.-.- 106. 5 
Boe eee 1,070.0! 83895; .78| 830.5| —.265| —.435| —,1s2| +.202| +,918|/ +.143/ 23) 438] 30/8285) 5.7 
Be toe ee 1,337.5 | 978.0 : 73 | 9730| —.288| —.477| —.140 | +.915| --.983| +.163| 341 40| 32) ae | 
ee ts Re 1,605.0) 1,120.5} 70] 1,120.5) —.313| —.535 | —.179 | +.340| 4.403) +101) 37| 49) 387) 397° 52) 
qe ak ies ae 1.87251 1,2610| <.67!| 1,261.0| —.338| —.688| —.179| +.375| +.444| +.219| 441 55) 43) 5.4) 
a een | 2140.0| 1,406.0] :66| 1,406.0, —.360| —.630} —.202| +.403) +.484| +.234| 6.0] 5.8} 47) 49! 5 0| 105.0 
ne = ae a 2,407.5 | 1,548.5] 64! 1,548.5) —.384| —.678! —.234! +.475] +.517/ +.250| 46]| 65! 47) 54] 59/| 103.0 
(OL Oe, 2675.0! 1,647.5| .62| 1,647.5; —.412| —~.731| —.255! +.461' +-.560| +.995| 82!) 71! 5.2) 698 |.) 
DN Agee, cee 2,942.5 | 1,811.0] 61! 1,811.0) —.495; —.758| —.267| +.471 | +.585| +.987| 5.7] 7.7| 58| 63| 6&2] 1040 
(oo mee Bihan ee 3,910.0| 1,949.0] 61! 1,949.0! —.455/ —.812] —.200) +.504) +. @ai) +.310/ 5.6] 8.3/9 66 0) Gy) cee 
1: ee) eo 3,910.0 | 1,955.0] .61) 1,955.0! —.462| —.825| —.996| +.514) 4@4a| +.918| 729] 9279 67 | 7.490) 
[deter a oa ae 3,210.0 | 1,941.5] .62| 1,941.5/ —.470;| —.841| —1302| +520) +69 | +292) 5.7) So) val 6 0)coen 
i 3 See a 2,140.0; 1,4825{| [69| 1,4825| —.467| —.835| —.302| +.515| +.653| +.321) 49| 7.1] 53] 52| 471 1065 
ie eae 1,070.0; '984.5| 92] '984.5) —.464] —.830/ —.300| +.514| +.653| +.324/ 3.0] 5.3| 40! 49! 60) 105.0 
Top of pipe=0.-.-_.---. 0 64.5 | 1.00 646 | —.347| —.590| —.274| 4emep9 | + byl eeeeeee ee ee 4.2) |_ Salle 
CORRUGATED METAL! 
{Diameter 31.5 inches, 0.103 inch thick] 
Mid-point.......------ 79.2| 1123) 1.42| 106.9] —0.005 | —0.007 | —0.006 | +0.006 | +0.016 | +0.005 |._......|..-.----|_-------|-----.-- (1) (1) 
Top of pipe=0___..__-_- 0 0 0 - 0 0 0 0 Epa! OS. Jessen cee ee 6.3 | % 104.0 
cae 981.0) 318.8] 1.14] 7 3086) —.021| —.054| —.020} +.023; --+.047; +.023/ 22] 22) #417/ #42) ¢9.2|-.._-_-- 
ee oe. ae 562.1/ 610.5} 1.08)  581.5| —.038| —.098| —.036] +.043; +.078| +.040| 37] 29] 24/ 29] 5.8! 6103.5 
fo ee 843.1| 847.31 1.00) 8069] —.049| —.194| —.019/| +.055' +.104|] +.053| 3.1! 341 27) 3 1 en 
ta an cdahs, ae ee 1,124.2] 1,057.5} .94| 1,007.2] —.058| —.149| —.053] +.074' +.128! +.065] 5.9| 3.9] 31] 41 { eee oe 
Ee eames 2 1,405.2} 1,270.3] 90] 1,200.8} —.074! —.183] ~.069/ +.086; +.155] +.072] 69) 46] 38] 48) #75)... 
—— a | 1,686.3 | 1,4748| .87| 1,404.6] —.086| —.209| —.078| -+.009/ +.177| -+.gom! 77! 4.91 aeouen ous { oe eg 
Sree. 1,967.3 | 1,676.0|  .85| 1,596.2\|-—.000| —.239| —.005| +.112| +.900/ 4.102] 88) 57| 50). 61). 
a ee 2 9,948.4] 1,887.5| .84| 1,797.7). —.111| —.260| —.106| +.123; +.924| 4.104| 1065| 5.7) 58). 69 7 2ueemeee 
Me 2529.4 | 2) 083.5 g2| 19844 | —.122| —.202/ —.117| +.134] +.243] 4.194] 117| 68! 8&7] 7.6| %6.0| ©1040 
(nee nee oe 2,810.5 | 2,285.3 |% .81) 2186.1 | —.137] —.324| —.197| +.149| +.278| +.980| 126| 7O0ue5) S|... 
Meee. Aa ee 3,001.5 | 2,476.0] ° .80) 2,358.2] -.145| —.345| —.138) +.162| +.300] +.148| 130] 72) 68) 93H gf7| °1088 
eee. eee 3,372.6 | 2,690.0| .80| 2,561.9] —.162| —.379/ —.145) +.170| 4.922] +.162] 131) 81] 76] 1059 p85] 7" 
a _------| 2,248.4| 2,116.5| .9£} 2,015.8 —.i61| —.381/ —.145/ +.179; +.322/ 4.165] 95] 61|/ 64] 85| %5.5} 5105.0 
ere ee 1124.2) 1,498.3) 1.28 | 1,370.3) —.152|] —.364] —.141 | 4.171) +.311| +161] 40|° 42) 56) 57) 62) b107.5 
: a qe 2 @ 112. 
Top of pipe=o..-.-.--- 0 TONG esfo | —.0200) —.102| —0ee | SiGe | -: oeeall ieee |e ae { ce | ee 
i ‘ | | _ 
STEEL TUBE! 
{Diameter 30 inches, 0.349 inch thick] 
| | 
Mid-point..__.--.----- 7.2) 13 feet | RSI |, oe ee | ee ee () | () 
ied 144.3) 280.8| 1.94] 2980/8 |........--.--cccl0-c 00. {loll ccc clo lle ee | ies 
Top of pipe=0---....-- { 0 0 0 0 0 0 0 0 Of Oc. |-ceccce (cee 4.7 | 5105.0 
irate ingen 267.5! 3031! 1.13| 3031, —.o14| —.033| —.014| +.014| +.oae +.012/ O02! 20| 17: ie) )@agueeeee 
NE eG Sa 535.0, 560.8/ 1.05] 560.8} —.024| —.067| —.024] -+.023| +.044) +. 212 17; 271 24, 24] 08.3] 0108.5 
SCC aeCL ee go2.5| 8i16.0| 1.02| 8i6.0| —.037| —.o81| —.028| +.044/ +.066| +.0s0 a, 3.0) 323! 3.0.2. —— 
i aun 3 1,070.0; 1,019.5| 95] 1,019.5} ~—.040} —.100! —.040} +.056| +.080| +.042| 1.3, 36! 3.6 3.7] %5.5| ©106.5 
pe ee 1,337.5 | 1,287.5 | .96] 1,287.5 |? —.053 12 —, 103 |? —.022 |2 4,064 |2 4.080 |) 4.027) 18) 42) 44: 3:7 |e 
fe oN aa od 1,605.0 | 1,470.8 92 | 1,470.8 |3 —. 054 |? —. 112 | # --, 023 |2 4,077 12 4.098 |2+.035| 18 5 44) 6.1 4.4) ope 
| ie Re eaaae 1,872.5 | 1,679.3 89 | 1,679.3 |? —.063 |? —. 131 )? —.032 |#+.087 |?-1n1 /?+.083) 19/: 47] 5.9; 4.8]. 2c 
eo a 2:140.0 | 1900.3 go | 1,900.3| —.070! —.174! —.o64| +007] +.156) -oma!| 201° 5a | 611 “Sel Sapo 
(a eins: 2,407.5 2,107.8: .88| 2107.8| —.0ss| —.195| —.075/ +.100| 4.170) +1000; 24; &5|- 7.2 Bie] = 7eonnee 
i. 22 eT 2,675.0 | 2,351.0 gs | 2351.0} —.101| —.220! —.084| +1121! +.194| +09s| 24/1 63/\: 81° 6 |cic0n 
1. 2 aa 2,942.5 | 2569.0 87 | 2,569.0} —.107| —.239; —.004! +123| +211) +111/ 32: 691° 85 67] °6.6| 1025 
(ON 2. Sie od 3,210.0 2,795.0 87 | 2795.0 | —.117 | —.261| —.090  +.139| +234) +902] 36) 821 88) 765 |e b 105.5 
et awk ee ae 2,140.0 | 2,241.5 | 1.05] 2,241.5) —.119| —.267 —.106) +141] +.244) 4.128; 20. 62) 78: 65|{ 544 / agers 
dso. ead 1,070.0 | 1,526.8| 1.42] 1,526.8] —.117| —.250; —.084| +.137} +.230| +. 116 | 33] 54° 48) ba) 
Mooalnipar....... 0.0. | M60. cceemaliggies oad —. 010 | 219 | —.012| +.024| +.043| +.026 |_....__- (Spe OS a ieee b4.9 | 0105.5 
Bes . | 

















See footnotes at end of table. 


The eight readings were listed in order of magnitude 
and the median determined by taking the average of 
the middle two. The highest and lowest value of the 
eight values listed were then compared with the median 
and the one closest to the median was retained and all 
values numerically more distant from the median were 
discarded. The remaining values were averaged and 
the result recorded. 

The loads on the 30-inch pipe of various types are 
shown graphically in Figure 16. The values plotted 


were those obtained by reducing the scale readings of all 
the pipe to a value equivalent to a 30-inch diameter. 
Figure 17 shows the vertical loads for the 20-inch pipe. 
Figures 16 and 17 show that, except for the first few feet 
of fill, the load carried increases with the height of fill 
at a uniform rate. A study of these two sets of curves 
also indicates a direct relation between the vertical load 
and the flexibility of the pipe. 

Figures 18 and 19 show the load-deflection relation 
of the various pipes. For the more rigid pipes this 
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PaBLE 3.—Results of field tests on various pipe, 100 per cent projection, sand fill—Continued 
CASP ALR. 
{Diameter 32 inches, 1.0 inch thick] 
= | ‘ - i - _— — —_—- =-- _ _- == - — ——s ee - _ * —_ a 
| Ratio | Deflection of diameters Cell pressures 
Actual __ Scale Pte ————e : _—— . a . ~ Weight 
Height of fill weight | Scale |reading! .o rooted | | | Mois- | per 
over pipe| Teading | fe a to 30-inch, yp» oe , a. ; ——_ 7 : ture cubic 
| Be ‘diameter A-A B-B C=C bo) E-E ier 26 3.5 4 foot 
ene |, et s+ a . = — ! 
oy, ih ie a per' K | | | 
Pacet in. ft. Nal. “] Per cent, Pounds 
Peid-peinte..._.-.---..| Fe | 65.0 | 0.80 61.0. ~0.001 | —0.004 | —0.005 » —0.009 | +0.003 | —0.001 2... 222) =...4 ie. aes 
Top of pipe=0...... ( 48 wes! Fl cow | 0 0 0 0 i) (kee ones =_. 6.7 | 103.5 
ee. .2eeee 285.3 430.0| 1.51! 410.5 | —.005 —.008  —.003 | +.003} +.005; +.001 in Seo; 136 139 2... Se en 
. Se eee 570. 6 730.0! 1.28: 685.0} —.009 —.014. -.007] +.008; +.012 +.00, 16, 1.4 22h San. 2 ae 
a eee Boe0 | 10625 | 124) O80. —.012- —102) | —e) 4.0) +09, +000 1.9 i 23) Weep | 13.0 104.0 
ae 855.0 | 1,063.0} 1.24; 997.0! —.012. —.022| ~.009| +.019} +.022 -+.010 2.0 1.8 3.2) 39, 71 at 
_— meeee.-..| 10 10 | ie) eee | —.016 «6 ea | — ote | +. td +e! +e 2.1 2.0 2] ) i | ee. eee 
§_--.-----.-------------| 1,426.5 | 1,806.0} 1.26] 1,690.0! —.021 —.039 , —.017} +.022| +.038, +.017 24; 24 438 6.4 6.5 | 103.0 
_—.....-.. 1,711.8) 2,160.6; 1.26 | 2,000.1: —.025 —.04% » —.020| +.0287) +.046| +.021 a7) ae am 738... .22 
a $1,997.1 | 2,500.5 | Is | Seo | —.087 0 — a. | +.032 | +.054 | -++.028 20) ay 5.1 92° 6.2 103.0 
ae 204 | Pee eet | Sey 0 — he «2027 || +.086 | +.082. +.0a— 2.6 2.9 Vea aa an 
7 ...--.-- oe .. 2,567.8 | 3,265.0: 1.27} 3,045.0 | —.0388: —.077' —.034 | +.041! +.073 + +.084; 4.3 65) 73] i656, 7.8) 10680 
me 2,853.1 | 3,680.0 1.29] 3.4247 / —.043 | ~.088| —.038 | +:0s6 | 4.082 4.0) 45) 38) 82, ex] oe 
| _ i 8,108.4 | 4,023,0' 1.98) 3,780.0: —.018 |! —.098 | —.042, +.051° +.001° +044 5.5 41' 89), 162, O88! i100 
ie . - 8,423.7 | 4,350.0) 1.27 | 4,080.0 —. 057 ' 107 | —.045 | 4.048) +.101 ; +.049 5.3) 41! 9 4' 17.9] 120! 105.0 
Mw. eee 2,853.1 | 3,979.5! 1.20) 3,7000 —.040 —.103/ —.0#3| +.055 +.098 +. 04% 5, O88 ‘O87 Ir4> 6&8 ' “aigo 
/. 2 2,282.4; 3,504.0) 1.53] 3,280.0 —.0851 | —. O9f) 043 | +.050, +.092  +.045 2.8 2.3 7.6 Se fae bo) 
.......-------- i118 | 2015.0 * To; 270 —. 021) ~—ies | —096) +.66 +082; +. 041 2.0 20% 28; 0° 61 1040 
—_ : Pee 1,142: 2a So leh) 1,080 =U! | —,_ 066 028 | +.039! +.065 | +. 032 me! 61.0 to. ee | 106.0 
2 a | 570. 6 : a0. , ie 928.01 —.016  —.033 | ~—.011 | +.020, +.034 °° +.017 09! o7! 5.0 ea) 107.0 
Momjot pine. .-........- ee ee || =-008 008 | ~.002 1 4.008.012 +.008 1.2... ee mal 8.6) tineo 
a _ | | Lk i 7 i ! 7 a | - -_ | ' ~ 
CONCRETE 
[Diameter 29 inches, 244 inches thick] 
“oe cae ee ern . : 
mop ol pipe=0..___.... 0 Le ee UII eisai ed eee. Seca: |!) len aera ee | es ccees =~ sain eee oe a oo : 110. 0 
1 258. 6 378.5! 1.46 Co ri AG O01 |=... 98..-..... WORN SSCS a3 Oc: ee "2 
. = ae 517.2 752.5 ' 1.45 Taste)... =. LD eee |) ee +.005 j.--...--- 1.5 ae) a’ Fs a 
7... a Vos) iies0! 1.63) 1,923.8 ,_....___- ioe... ee ans SEG) | cos oe 2.0 2.8 es Lee 
jae 1,Ogde4'| 16210! 1.47} 1,573.5 '_.-....... —. 00D: ..-..| ee L7 2.7 25. S92 8.61 i0emo 
2 See 1,2000| 1,0005!1 1.47/| 1,9@8)1 ....._.. = | et... c1' wai) Gee. tale | eee 
a 1,548.6 | 2,340.51 1.51 | 2,421.2 ________- — ARON. oe cs on @3)' a oe 92° 109.0 
ee 10) 250201 «6140 | 2,985.0 |... —, 005 |.......-...- ae | #014 [ooo . a2 ic! | | ed _ 
a 2,065.8 | 2,946.0' 1.43] 3,048.1 ....____- SAM ox 2 open cane onal +. OLY |__-..---- | 2% 4.4 3) Jie... ee 
oe ....-------- 2,324.4 | 3,331.5: 1.43 | 3,446.4 ._._____ oy —.009 |... 2-4 -------- | +. 027 ie oe 2.9 4.8 46 | 103.9 1._..... 91... 
(iS Se 2,583.0} 3,620.0! 1.40] 3,745.0 ....___.. —.025 |_.--.---.)---------, +. OMB j--.--.-.- 3.0 5.1 0 Shee Bio oe 2a ete 
| [i 2,S0iee | 3885.5) Lazy| 4,019.5 !...-_.__- = | a ie oo cele 3.2 4.9 eee Ee aa aaa 
i B12 | 490010 |. ~10 | 491600 .......... —. tee |. .---._- ae ee — #O7R J. 3.8 5.6 6.6! 125! 100! 115.0 
Me... ---------------- alge 2 | 49een.0 0" Lea | 499070 j......_.- —. 060 |..-.-.--- ee. +.09%' 222 4.1 5.7 (i on 2 
i eee 3100.2 | 24.0! 080| 2865.0 ._......_. eee. oe ae : 2.3 5a ae! ioe |. diz eS 
meee...) 32 |. 2a | 6067 | 2805.0... 8. ee. i, 2.5 5.4 oo ifLb|. 2 8S 
oe | Be | pee | «SB | 1,280 We =. ae se eee 1.8 4.4 SD? Soc Bas 
3, 100. 2 357.5! 0.12 ee ee ek ee eee | ee 10! 40 2.8 | (ies hae 
2, 065. 8 409.5! 0.19 498.0 ..._..---, = aa. ee ' +. 059 |._---.--- 1.0 3.8 AD Gee a Bie 
. "ie 1, 034. 4 273.5 | 0.27 ).: ie! — a ae +. 051 |_.....--- 1.2 Oe i’ i | canes 
Top of pipe.----...-..- Oe ere? sean Mp oat = a 2 a aD eee s.7 12 112.0 
oh | | i | 
) 1 } 
SOLID CONCRETE PLUG 
[Diameter, 32 inches] 
ae . = i, meio : een —- | : - 
Dias welmt.....-..------ 81.3 101.5 1. 25 roll a ne A BEEN MENTE 2 Psy (EEA aa fay ote rae Nh S|teeeere Veron 
eM eel es 
(ee | «283.8 343.0]; 1.21 ERO ee os de ee ee en a | ee 1.0 1.5 oF) iy ee ieee 
2) eS 7 ee 570. 6 806.0 | 1.41 10 Sa nS Als eee ts ene ree atte orks eee: ee. eee Pal i 2.9 2.6 oe Bee 
> aaa Seeeo | Wee) «6 logt | (1,26 |... je.) eee ne eee re ee oe ae Ge 1.6 a7 ee 
: a. (Je ee?) ieee Weep | Megig ise eee | eee eel eee. Wo ceene ee ae: 12 2.0 4.6 5.2 5.3 | 100.0 
ee etoe5.| Qe; Les | 8210.0... ens i en read memenee en 24 5.9 7000 eee... Ae 
2 1,711.8 | 2,002.0! : 160 | 2,721.0 ..-...... a... SOs... el... see 0.9 1.9 6.8 7 Oyo ue ie. 
ee Oo | 399000, ° im | 3,004.0 |... 0.2... 22.. 2-2 ho eee ae 2.4 7.8 8.0 5.2] 105.0 
ee De | 3265) 1me6| 3,600.0 ..-_.....'.-.... th... en ee ee ene i?) 2s SES) . 10,09 ees 
i 2a Dies | 4200 |. 1967 | 4,088.0)... ..- en | eae Lies Pett wai a Say 
eae cyte | Meo, 1a 4,497.0 ....--. =. ..2 2... fee a oe ed a", iigh| te) Sn oe 
Se cee Solem | See 5) (lee) 4,915.0 .........'...--.-.. ele. ee 1? 3.0] 129] 14.9 4.7} 103.0 
| erome |) Seme@ene 5,908 0 |... ..1.c.-----a)on---28 Jip. -----d eee --|-- ee ee 1.3 ga 128) faves... 4 
SS Set | Feet Os | 2.1810 '.._...22 22... 2 eee 14) 3.3 Teale 10,.0ule-.- 
fee... --- ee 3, 423.7 Solo 0,28 PaO 2) ce 2. a ees 1.2 3.6 3.9 vies. ee ; 
femee ___2_.--.---- 0 ee) 7 [eR : —_ 1.4 3.5 2.3 oe ie | 
ql Sgae7 | | 0,10) — 380... ..._.|.-..-.-.-|-.-----. = ee ES La} 35 1.5 aa. 4 a. 
aig eae 3,423.7 | +2015] +0.05 | +188.5 |-.-.-.-- ees ee. eae 1.5 4.0 2.5 Qik 4 | eee 
ren Gag? | —we@0 | —0e6| -@050 _.._.... ...-..--.|...-..-|2- a eh, ae a 0.7 C5). 8 ae 
| ny, | Se eee | = an ale... eee eee eo tee ----- ced 1.6 3.3 0.8 |, (J Ree: 
UO | mm | Oc eh. deren coo ee ery =-----28 1.3 3.4 0.8 yi Se 
ee 2,282.4 | 636.0! —0.19 | —A97.0 |--..-.--- —_ ae. sc) A eS Ls, #43) wo) O81 475) 105.6 
—- (as 1,141.2} —655.0 , —0.19! —613.0 ieee: ea eee. me. ee | ee | oe 
pees? a ie = { ; 
Top of pipe _ ee { a 0 a 0 0. 19 i 0 y >. i Ce a... ae. ? ee re . 7 2 | a eh i Be 2 2 ee || eee a | 
Miid-peimt.........___. S13 | 628.5 | —0,18 | —588,0 '__-...-.. eee | a! een ee ell ee IMR nes ee 
See footnotes at end of table. 
78680—29 2 
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TABLE 3.—Results of field tests on various pipe, 100 per cent projection, sand fill——Continued 
SMOOTH IRON 
[Diameter 20 inches, 0.076 inch thick] 
oe Yeflection of diameters Cell pressures | 
Ratio scale | «ote read- Deflection of diamete ell | | 
_ _— a | ig@eeer- | their . ———_ ; Weight 
Height. of fill in feet Actual Seale read-|  acttlal - pected to | ! Moisture} per cubic 
weight He weight: " “99-ineh ae , 9 | foot 
< imtnawer A-A D-DD 2,6 | Ground 4 
| 
| 
Lbs. per Lbs. per 
lin. ft. lin. ft. Percent | Pounds 
VOpiourene=O. .... soo oneness oe cee 0 Ce ee So | 0 ce |<. ae. | ee ) COM... eee 4.7 105.0 
ote Bee (ana -o a= ye eee sce a 177.6 160. 5 0. 90 : 160. 5 ~—~0, 014 +0. 104 2.0 | 3.0 Leal 5.8 1..-. 
ye ee eS 355, 2 316. 0 89 | 316.0 —. 146 =, ee 2.9 4.9 2.9 |_........0|. 
Bees 532. 8 457.0 86 457.0 —. 209 =. 165 3.6 | 5.4 eee. me . 
: ne oe Pr ee) 710. 4 547.5 qie) 547.5 —. 262 +. 204 4.2 | Gee ee 109. 0 
De eae ae z z sae 888. 0 624. ae) 624. 5 —. 311 ++. 287 Dot 7.3 Ae? \..---.----|2>> 2a 
6 ae : 1, 065, 6 706. 5 <(Gien 706. 5 —, 338 +. 303 5.2 | 8.0 3.7 7.2 {2+ 
fie : ee | ee ee 1, 243. 2 792. 5 . 64 | 792. 5 —. 384 +. 356 5.8 fi ci 2 |......-. 
Meee Sel ches: «= See eee eer 1, 420.8 859. 5 . 64 $59. 5 —. 405 +. 366 6.1 . Sol 4.5 6.3 100. 0 
Oley. hacen : ieteteaws sa) eee 925. 0 . 53 925. 0 —. 442 +. 396 6.4 | 9.8 Ho]... -_. eee 
10 3 : pain. 5 1, 009. 0 On 1, 009. 0 —.477 +. 424 cree 10.6 5.0 |..-.--...33. -- 
11 ee eee. 1, 953. 6 1, 098. 0 56 1, 098. 0 —, 533 +. 480 8.0, 12a 5. 3ulL...._.. ae 
| rere ers 2,131.2 | 1, 1720 Jan | 1; £26. 0 —. 543 -++. 480 8.0 | 12. 6 5. 4 One 105. 0 
| ne nee ot Mee ee ee OS 2k. 2. 1, 176.0 . 55 Tir. © —. 553 +. 493 Si), 12.9 6.0) |o2--.-..2.|2.. 
35a. 8 Beat Sa 1, 420.8 . 966. 0 AS 966. 0 — a0 +. 492 7.2 Oxo o..0)}.....-..50)2. <a 
, ee en ee SES 710. 4 681.0 96 | 681.0 300 +. 487 5.8 | 6. 2 3.7 6. 2 105. 0 
Topon gies U) 20 ee 0 | CE e222 eee | 0 —. 283 Se a ee ene eee ue 
CORRUGATED 
[Diameter 21 inches, 0.076 inch thick] 
- as ——— en —- ~~ sss _ a ae - | as ae ——— = a | _——a | “i - 
"TOP TOMmeee tO) . 2. 5S ee 0 ee Nei a tc Se a ee oe. age8see| 2 cy a PEC. (22. a 
ee Sa ae 187. 2 2a? ee 240.0; —0.017|  +0.018 ie 2.8 1.9 98! 106.0 
2 tc Os RS: 2 ee eA Roh EROS a 374. 4 486. 0 1. 30 463.0 | —. 045 | +. 045 2.3 ait 3.0 |..2---0ece, 4 
sR oe oN neers nel enero ae eee 561. 6 N86. 5 1. 03 558. 0 | —. 054 +, 057 2.8 A oo soe aa 
i eee ee 748, 8 784. 5 105} 746.0; —.069|  -2a70 a 4.7 Cin 
5 ¢ 936. 0 963. 5 1.03 917.0 —~. 091 +. 088 ooo 4.9 4.1 8.5 105. 0 
he ee ee ee Sa. oa Lions 1, 2h: 5 99 | 1, 065. 0 | =, 109 +. 103 4.6 Dia |. ---- 22 ee. 
Ts Ree sacs Seat Canto. 6 1, 310. 4 ], 276.0 97 | 1,215. 0: ; abe A) +, 1 4.9 5.9 | 5.1 8.6 10685 
SC EEE el. SF Oem oe 1, 497. 6 1, 405. 0 . 94 1, 338 0 | —, Wal +. 134 5. 2 6.3 DOJ... cee 
GPR Seca 2. ue ee 1, 684. 8 1, 547.5 . 92 1, 472.0 : —. 163 +. 158 oer | 6.8 6.2 || oe 
Leg ee pemeemees— = = | Nee eee 1, 872.0 Letlaed . 92 1, 632.0 =e ts Lite 6.5 fei 6. 7i |. 
cee ae a nd ee 2, 059. 0 1, 872.5 91 1, 781.0 —. 212 =. ae (ow) fie 1.30 ..... -.0 ee on 
Te eee 2. oc ee an alae 2, 246. 4 2, 069. 5 .92; 1,968.0 —. 233 +. 212 fez 7.4 7.5: 10.0 11285 
ee  <..- re een | 1, 497.6 lear. 0 Cae OR. 0) |. 22's notte ee eal 5.3 6.0 | den 9.2 llas0 
oS 748. 8 1, 299.0 1.73 [235.00 |... .: I 1S. ! 2.5 3,8 | 5.7 8,2 |. 
TOPO U Meee... 5.2 2 <b eee 0 A Wl. ee Te CO)... 2 5 Se 5.2 eee 2 ++ oe ie 
: | 
SOLID CONCRETE PLUG 
[Diameter, 20 inches] 
| | | 
Mopronpm@ieee0. - . 5225. +... 2 eens 0 1) a ime he OF le as. 3s 235 eee eee ee a 5, 1 }.--.. 
A a eo ee ee ee ny7.6 204. 5 Leo BU Ole bas. ks. 20 eee Zeal 3.0 1.5 7.0 106. 0 
C220 5. ee SE es 355. 2 438. 5 1. 23 Cot eee oS ded eS oP 2. 2 36 | 2 6 ee ho. ae 
So eee ’ és 1 ao : 532. 8 719.5 1. 35 WoO eos. <r 2.3 4.4 | 300 2o.a. 0 ee 
ae 7 ener ae 710. 4 1, 01655 1, 43 | Gos. a= seas Sd a |e eel On | 4 ie! 2. 
Dee. gcisedsess sald. 6. 888. 0 1, 291. 0 1.45 | Lees 2 2 2 lt ae eee 2. 4 4.8 | Gale: 1.90) 
fies - apes: 1, 065. 6 1, 524. 5 | 1.43 | | ee 2 tee eee 2.3 G1: Dee ac. Sacee ee 
Mas ore : ' : 1, 243. 2 1, 735. 0 | 1, 39 | LFS EU =o Rrra eae ote Gate a 2. 6 Oey 6.8 | 8.2) |e 
Se ee E aaa 1, 420. 8 1, 949. 0 Lose. DY - eel epee ye 3.7 5. 8 | (5): ma Ce 
8. eee - 1, 420. 8 1,975. 0 1. 39 | a ee Se a ee 3.7 6.8 lO 2. .:.-. 
Cetra: 2 Tags. 4 2, 221. 5 1, 39 Zeele). |... 22 eee eee ae es 3.7 ean 9.3 Gai :. eae 
10 oe eas 1, 776. 0 2, 433. 0 r3/ PA el i ees ad aaa 3.4 &.3 10.7% |... 
Te 1, 953. 6 2, 678. 5 | ys 2, 678. 5 eee! a oe 3.7 6.9 | lis Fre 107.5 
Meee. 2228 Seco sn ele eee eee Pe lot 2, 933. 5 | 1. 38 | Ceewe soc)... ca eee |eecace ose 3.4 10. 6 12.5 12.0 >... 
2 ayes 2 2,131. 2 2, 954. 5 | 1. 39 | Dees: |oe.c 2 Saeed lowees eso da oe 3.2 10.8 | 13o les. --.2 2. 
ie. a : z 2, 131. 2 2, 934. 0 1. 38 | Wares A) aie Soe es =| nes ee ae | WRU Ce.) =e — 
powers 6S 5 ee 2, 131.2 2, 989. 0 1. 40 | Bnd, Odes Derg oe elo re ere 4.3 LORD im eee 25 gee Se 
ON eee ceeS - +4 eee eee 1, 420.8 2, 233. 0 1 | eres. Uo eevee el, 3.9 6.6 | Se... at eee 
5). 5 Pe eye eee oh 710.4 | 217.0 ee leZly.' 0 eno 22222.) 3.1 0.2. 8.2 | SA ooo eee 
TOD OMmmipee 0... 2. once eee eens su ee 0 0 weosseeeege <0 O > Veegee ce a re se eee | oe eee ee ee ee 
| | 























1 Average results from two tests on different pipe. In the last two columns the 
runs are indicated by a and b. 

2 Only one deflection read. 

3 Section No. 2 cracked along bottom. 

4 Section No. 2 cracked half way across top and Section No. 1 cracked on bottom. 

5 All cracks widened and material spalled off. 

6 Section No. 3 cracked on top and bottom and section No. 4 cracked on bottom. 

7 Pipe dropped 440 inch. 

§ Section on south end cracked and pipe dropped 40 inch. 

9 Pipe dropped Mo inch. 


relation plots approximately as a straight line through- 
out, whereas the deflections of the more flexible pipe 
increase rapidly at first and then more slowly as the side 
pressure increases. 

Kigure 20 shows graphically the variation in radial 
pressure on a rigid and on a flexible pipe. On the rigid 
pipe the pressure is high at the top and low at the sides. 
On the flexible pipe the pressure is slightly higher on the 
sides than on the top. This variation in pressure on the 
two pipes is to be expected when it is realized that the 
flexible pipe acquires its strength through side support. 





16 Pipe dropped 45 inch, all cracks closing. 
11 Pipe dropped 0.1 inch in 45 minutes. 

12 Pipe dropped 0.2 inch in 30 minutes. 

13 Pipe dropped 0.3 ineh in 30 minutes. 

14 Pipe dropped 0.4 inch in 30 minutes. 

15 Pipe dropped 0.4 inch in 12 hours. 

16 Pipe dropped 0.8 inch in 45 minutes. 

17 Readings taken 2 hours after previous reading. 

18 Reading taken 12 hours after previous reading. 

19 Cell on ground at level of bottom of pipe and measuring vertical pressure. 


ATTEMPT MADE TO CORRELATE FIELD DATA AND LABORATORY 
METHODS 


Upon completion of the field tests experiments were 
undertaken in an attempt to correlate the field data 
with laboratory methods, in hope of providing some 
rational basis for design of culvert pipe. Two different 
procedures were undertaken—first, an attempt was 
made to produce in the laboratory the same radial 
pressures on the pipe as were found to exist in the field; 
second, it was attempted to produce in the laboratory 
the radial deflections obtained in the field. 
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To reproduce the radial pressures a timber box, 2% 
feet wide, 3% feet long, and 335 feet high, inside dimen- 
sions, was designed suitable for holding a filling material 
and a test section of the pipe. The box was constructed 
of 24-inch oak timbers bolted together. 

The radial pressures were indicated by soil-pressure 
cells fastened on the test pipe at 45° intervals around 
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LOAD - POUNDS PER LINEAL FOOT 


FIGURE 17.—VERTICAL LoADS TRANSMITTED TO 20-INCH PIPE 
(CORRECTION MADE FOR VARIATION FROM 20 INcHES), 100 PER 
CENT PROJECTION CONDITION, BY Various HEIGHTS OF SAND 
FILL. NUMBERS IN PARENTHESES INDICATE THICKNESS 








“HEIGHT OF FILL ABOVE TOP OF PIPE - FEET 
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VERTICAL DEFLECTION - INCHES 
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FIGURE 18.—RELATION BETWEEN HeEIGcut oF FILL AND DEFLEC- 
TION FOR 80-1INCH PrireE, 100 PER CENT PROJECTION CONDITION 
AND SAND FILL. NUMBERS IN PARENTHESES INDICATE THICK- 
NESS OF PIPE. 


its circumference. Holes were bored in the sides of 
the box for the flexible air hose and electric wires leading 
to the pressure cells. The pipe was placed in the box 
with its length at right angles to the sides and with 
its bottom resting on the bottom of the box. The filling 
material was a well-graded dry sand and was placed 
around the pipe and to a depth of 6 inches over it. 
The top of the box through which loads were to be 
applied was made of 21-inch oak timber reinforced with 
¥-inch steel plates. | 
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For the purpose of producing the same side pressures 
us In the field, the ends of the box were arranged on 
rollers so they were free to be pushed out by the de- 
flection of the pipe under load. This outward motion 
was opposed by heavy box-car sprines. The resistance 
of these springs compared to the passive side pressure 
in the field. Loads were applied by a testing machine 















HEIGHT OF FILL ABOVE TOP OF PIPE - FEET 





VERTICAL DEFLECTION ~ INCHES 


FicuRE 19.—RELATION BETWEEN HEIGHT OF FILL AND DEFLEc- 
TION FoR 20-INCH Pipr, 100 PER Cent PROJECTION AND SAND 
FILL. NUMBERS IN PARENTHESES INDICATE THICKNESS OF 
PIPE 
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SOIL PRESSURE CELL READINGS - POUNDS PER SQ INGH 
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FIGURE 20.— RESULTS OF SOIL-PRESSURE CELL READINGS ON A 
RIGID AND A FLEXIBLE 30-INCH Prive, 100 Per Cent PROJEc- 
TION, SAND FiLL. NUMBERS IN PARENTHESES INDICATE 
THICKNESS OF PIPE 


to the top of the box through an I-beam leverage 
system. 

The tests were made on a section of smooth iron 
pipe 30 inches in diameter and having a thickness of 
0.109 inch, and also on a section of steel tube 30 inches 
in diameter with a thickness of 0.349 inch. There was 
a wide discrepancy between the pressures and deflec- 
tions obtained by this method and those obtained in 
the field, and it was decided that field conditions could 
not be simulated with the apparatus. 
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A SECOND METHOD OF SIMULATING FIELD CONDITIONS PRODUCES 
UNSATISFACTORY RESULTS 


A new apparatus was devised (fig. 22) in an attempt 
to produce the same radial deflection as found in the 
field by applying restraint at the 30° point and a load 
on the top of the pipe. It was desired to compare this 
load with the load producing the same deflections in 


the field. 


Oak timbers were placed along the outside of the 
test pipe parallel to its longitudinal axis and spaced 30° 
apart. The timbers were held in place by %4-inch steel 
radial rods threaded at each end and supplied with 
lock nuts, which had bearing on the longitudinal 
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FIGURE 21.—APPARATUS USED IN TEST WITH SAND BEARING 


timbers. By tightening or loosening the nuts, the 
desired radial deflections could be induced in the test 
pipe. Loads were applied to the top of the pipe by 
means of a cantilever arrangement. Tests were made 
on a 30-inch steel tube having a thickness of 0.349 inch. 


A vertical load corresponding to a fill height of 6 feet 
was first appled, and the horizontal deflection was 
adjusted to the corresponding field value. The load 
was then increased to produce the vertical deflection 
corresponding to a 6-foot fill. With these two diam- 
eters corresponding to the field values, an attempt was 
made to adjust the other 30° diameters to correspond 
with the field values. After a number of manipu- 
lations it was found impossible to get the desired 
deflections. 

No further attempt was made to correlate the field 
data with a laboratory method, with the idea of obtain- 
ing a practical rational design for culvert pipes, but a 
‘suggested procedure may be found under the heading 
‘‘Application of results to design of rigid pipe discussed.’ 


Because of the theoretical as well as the practical 
significance, some data were obtained to determine the 
resulting changes in the scale reading values effected 
by lowering the test pipes through small increments. 
These experiments were performed only on the conerete 
pipes and the solid plugs. 


APPLICATION OF RESULTS TO DESIGN OF RIGID PIPE DISCUSSED 


A study of the data obtained from these experiments 
indicates that the magnitude of the earth pressure 
transmitted to the pipe is to a large degree a function 
of the flexibility or deflection of the pipe. If the pipe 
is of such rigidity that its deflection is equal to the 
settlement of the adjacent fill, the value of A—ratio 
of the earth pressure to the weight of the earth prism 
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directly over the pipe—will be unity; that is, the load 
carried by the pipe will be equal to the weight of the 
prism of earth vertically above the pipe. If this 
rigidity is increased, the load carried will also be in- 
creased whereas if the rigidity is decreased the earth 
pressure transmitted to the pipe will be decreased. 

Comparing Figure 18, which shows the relation be- 
tween height of earth fill and the vertical deflections 
for the five types of pipe arranged in their order of 
flexibility, and Figure 16, which shows the relation 
between height of earth fill and the pressures, we 
obtain a graphical proof of this conclusion. 

In discussing the influence of the results of this in- 
vestigation upon the design of culvert pipe, it 1s neces- 
sary to divide culverts into two types, which must be 
separately considered. The first type, known as rigid- 
tvpe culverts, may be defined as those culverts made of 
such material that their structural failure is evidenced 
by fracture of the material. The second, flexible- 
type culverts, are those culverts made of such material 
that their structural failure is not evidenced by fracture 
of the material but rather by extreme change in shape 
or cross section. | 

For the rigid-type culverts a method of design may 
be used based on data obtained from this investiga- 
tion. This method of design, is based upon the as- 
sumption that the lmiting or ultimate load from a 2 
or 3 point bearing test when multiplied by some factor 
will equal the limiting or ultimate load in actual em- 
bankment conditions. 

The relation between vertical deflections and em- 
bankment loads per lineal foot of pipe for the 30-inch 
cast-iron pipe is shown in Table 3 and Figure 18. 

Figure 23 shows the deflections obtained for the same 
pipe under a 3-point bearing load. The ratios of em- 





Figure 22.—APpPaRAtTUS USED IN MULTIPLE-POINT LOADING 


bankment loads to the 3-point bearing loads and are 
shown in Table 4. 


TaBLE 4.—Ratios of load on 80-inch cast-iron pipe to 3-point 
bearing load producing equal deflections 


Weight of Load per P| 
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Using a proper ratio or factor the ultimate strength 
of any rigid pipe as determined by the 3-point bearing 
test can be converted into its equivalent load-carrying 
capacity for earth embankments. 

— It is possible to calculate the ratio of the load under 
3-point loading to the weight of earth over pipe pro- 
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FicurRE 23.—DEFLECTIONS OF 30-INCH PLAIN CAST-IRON PIPE, 
1 Incu TuHick AND 25 Fret Lone UNDER 3-POINT LOADING 


ducing the same deflection (Wy) with equation 17 of 
Appendix II, which is given as 


CE, es 
(1.06 q) ey K 
In this equation, 
_ demon ¢ . 
> —-=ratio of lateral load to vertical load. 
Se sin o 
€n = vertical deflection of pipe due to embankment load. 
e, = vertical deflection from 3-point bearing load. 
K=ratio of earth pressure sustained by pipe to weight 
of earth prism directly over the pipe. 
P=load per lineal foot of pipe obtained from 3-point 
bearing method. 
W=weight of embankment per lineal foot of pipe. 
If we assume for the internal angle of friction, ¢ = 42°, 
gq becomes 0.2. 
Applying equation 17 with above assumptions, mak- 
ing é,=e, and noting that A=1.27 for cast-iron pipe, 
we obtain for the ratio 


77 0:607, or p= 1.65. 

This value is larger than those obtained from the 
experimental data as given in Table 4, and is, of course, 
dependent on the assumed value of a 

This method gives a maximum height of fill with no 
consideration of a proper factor of safety. Since the 
reliability of this method depends upon the uniformity 
of the material of which the pipe is composed, 1t seems 
logical to suggest that some factor of safety be used in 
determining the safe height of fill for rigid pipe when 
designed according to this method. 





ADDITIONAL DATA NEEDED TO DESIGN FLEXIBLE TYPES OF PIPE 


The above method can not be applied to flexible 
types of pipe. Three-point bearing tests on flexible 
pipe when compared with actual embankment loads 














show that there is no one factor that can be used to 
determine field loading from laboratory loading. This 
is due to the fact that the structural strength of flexible 
pipe in the 2 or 3 point bearing test is only a part of its 
load-carrying capacity, the remaining portion being 
due to side support which is developed as passive pres- 
sure on the sides of the pipe. 

From this investigation it seems reasonable to con- 
clude that had the embankments been carried to sufli- 
cient height to cause structural failure of the flexible 
types of pipe, this failure would have resulted from 
excessive deflection. If this is true, then the logical 
method of design for pipes of this type must be based 
upon a law of deflections, which might be obtained from 
data observed on a large number of actual installations. 


APPENDIX | 


NOTES RELATIVE TO VERTICAL PRESSURES ON PIPE 
CULVERTS 


By WILLIAM CAIN, Professor Emeritus of Mathematics, University of North 
Carolina 


An apparatus for determining the coefficients of 
friction and cohesion of earth is shown in Figure 1, 
where the pull Q’, starting at zero, finally attains the 
value @ pounds, when shear of the sand (or earth) 
along the surface AB of one square foot is “impending.”’ 
Let P, be the total normal load on this area AB and 
foun eo here tha pull Q') is less than Q, let f’ equal 
friction per unit of P, and c’ equal the cohesion per unit 
area (AB). Then an approximate load—friction— 
cohesion relation is expressed by the formula, 


PO) 


Figure 1B represents the case where the pull has reached 

its maximum, Q, and the coefficients f’ and c’ have 

likewise reached their maximum values, f and ¢, called 

respectively the coefficients of friction and cohesion. 
We have now 





As Q’ varies from 0 to Q, f’ and c’ vary from 0 to f, ¢, 
but the relative variation of f’ and c’ isunknown. For 
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AND FRICTION 


FIGURE 1.— DIAGRAM 


example,if Q’ =3@,f’ and c’ may not be $f, $c, respective- 
ly, but Equation 1 must always hold. In experiment- 
ne with the apparatus shown in Figure 1, the values 

of Q have been recorded for a succession of loads es 
and the results plotted as shown in Figure 2 for a typical 
case, the values of P, being laid off as abscissas and 
the corresponding values of Q as ordinates. <A straight 
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line ean be drawn to nearly pass through the plotted 
points and represented by the equation, 


Qumima or, + 0. 2222252. 2e (3) 


This fact has been noted by English and French exper- 
lmenters (7)"' 

It is desirable that the earth or sand used in the 
experiment be homogeneous or readjustments of the 
erains May occur in increasing the pulls. This homo- 
cenuity may possibly be attained by simply shaking 
before applying the loads, but it seems that it could 
more certainly be accomplished by a uniform tamping, 
sav, with one of the weights. 

By comparing equations 2 and 3, it 1s seen that 
f=tan @=slope of straight line, and c, the coefhcient 





FIGURE 2.—GRAPHICAL REPRESEN- 
TATION OF RELATION BETWEEN 
o AND P,, 


of cohesion is equal to 6, the intercept on the axis of Q. 
The angle ¢ is called the angle of friction or the angle 
of internal friction. It is always less than the angle 
of repose when c is not zero, being equal to it only 
when c=0, corresponding to perfectly dry, clean sand. 
By measuring the y-intercept and computing tan @ 
from the diagram, the values of ¢ and f can be found 
for sand, or earth containing any mixture of sand and 
clay, and with various percentages of moisture. Tests 
made on the bank sand used for the fill over the pipe 
culverts, showed that as the percentage of moisture in- 
creased from 0.4 to 10.9 per cent c varied from 10 to 30 
pounds per square foot, and @ varied from 42° to 45°. 
For the clay filling with 21 per cent moisture, Q was 
41 degrees and c was 225 pounds per square foot. 
Although the formula Q’=f'’P,+c’ approximately 
expresses the relation between pressure and shear re- 
sistance in earth fills, experiments disclose that this 
shear resistance does not develop before there 1s ap- 
preciable tangental displacement along a plane of 
rupture. Prior to rupture any granular material behaves 
like an imperfectly elastic body with low modulus of 
elasticity. Within such body, stresses depend upon 
deformation. Hence the proper treatment of the 
problem is to treat the system—culvert and fill—as a 
statically indeterminate combination of elastic bodies. 
In order to get a rough conception of existing con- 
ditions one can disregard the elasticity of the fill and 
introduce a variable coefficient of friction along more or 
less arbitrary planes starting with a value of zero for no 
deformation and increasing to full value when dis- 
placements are important enough to produce shear. 





UNEQUAL SETTLEMENT IN FILLS DISCUSSED 


Let, us next consider an embankment of earth (fig. 3) 
Pig a , deme surface and a level foundation, ae 


1 Ttalic numbers in wait Ohta refer to wiBheRtaphy at end of article. 


rigid or uniformly compressible, the earth extending 
indefinitely i in all directions. Imagine the earth divided 
by vertical planes so as to make prisms A feet high and 
1 foot square in cross section. Then, if wis the average 
weight in pounds per cubic foot of the earth, the w eight 
of each prism is wh pounds. This weight is transmitted 
vertically to the foundation. There is a horizontal or 
lateral earth pressure / on each vertical plane which 
is given by a known formula (4).? 

Under the conditions assumed, there is no sliding 
along vertical planes and thus no friction or cohesion 
can be exerted in a vertical direction along them. 
But, suppose the foundation under one of these prisms 
to give way entirely, then its weight is almost wholly 
transmitted to the sides through the friction, Ef and 
the cohesion, chX1, exerted upward on each of the 
inclosing vertical sides of the prism. The theory is 
similar to that used in the design of bins or for tunnels 
in earth excavated by use of poling boards. 

Again, if the foundation gives a minute amount, but 
more in some places than others, then some of the weight 
of the prisms that sink most will be transferred to the 
sides, though the. full friction and cohesion may not 
be exerted. The vertical pressures on a culvert are not 
uniform, even for the width of the roadway, but for 
this central position of greatest height, it 1s on ‘the side of 
safety to assume the weight vertically transmitted, as 
it should be near the center of this portion. This will 
be assumed in the following discussion, where the 
vertical pressure on one lineal foot of pipe, just under 
the center of the roadway, is alone considered. 

Let us next consider the case of the pipe culvert 
shown in Figure 4. Assume the concrete walls, just 
touching the pipe, to be rigid and let the outside diame- 
ter of the pipe be 6 feet. On account of the compression 


of the earth varying with the depth, the weight of 
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FOUNDATION 


‘FIGURE 3.—EarRtTH EMBANKMENT DI- 
VIDED INTO PRISMS 


earth per cubic foot varies nearly uniformly from the 
earth surface to the top of the pipe in the distance, h 
feet. Therefore the average weight, w, will be that at 
about the depth h/2, and the weight of earth vertically 
over the pipe will be wbh. It is difficult to ascertain w. 
It is always greater than the measured weight of earth 
as deposited because of the compression. The value 
can not be determined by removing the fill to a depth 
of h/2 and weighing a sample as clayey earth tends to 
recover its shape when the load is removed—in fact, 
the clay experimented with acted as if 1t was perfectly 
elastic. The weight, w, also increases with 4; however, 
in the theory which follows, w is always assumed to be 
the true average for the height, though necessarily in 
plotting the results of experiments for sand, only the 
we ights of the ear th swell shaken, as first deposited, were 


2 See equation 2 on p. 183 involving both ec and /f. Whenc ssa zero the couse 
reduces to the familiar Rankine formula. 
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7 Let us call AW the vertical pressure actually 
sustained on a horizontal plane of width 6 through the 
top of the pipe. Jor the case represented by Figure 4, 
the pipe deflects under its load, the prism of earth ver- 
tically over it sinks, and it then exerts friction and cohe- 
sion, In amount, fiE+ch, alone the vertical sides of 
the prism. Hence, part of the weight of the prism is 
held up by the ear th outside of the prism and A W<wbh. 

Unfortunately, we have no means of estimating f’ and 
c’. They increase with the deflection and, thus, with 
the height of fill; but they can never exceed the limit- 
ing Vv alues f andc. It is not even tacitly assumed that 
the vertical sides of the prism are surfaces of rupture. 
The surfaces of rupture are unknown and would be of 
no use if they were known. It is only stated that the 
condition for equilibrium of this vertical prism is, 
KW=wbh—2 E+ eth). 

Again, Pitine is said of the distribution of AW 
upon the horizontal plane on which it acts. It is not 
uniformly distributed, but it is symmetrically placed as 

regards the top of the pipe. The simple theory used 
does not require a knowledge of how the transfer of load 
to the vertical sides is effected, nor what path it follows 
outside the prism; but if we imagine the prism over the 
pipe to be divided up into thin vertical prisms; then, in 
going from a vertical plane through the top of the pipe 
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Figure 4.—SKETCH SHOWING PIPE RIGIDLY SUPPORTED WITH 
CONCRETE AT THE SIDES AND EARTH FILL ON Top 


toward the sides, each little prism transfers a part of its 
weight to the next prism through friction and cohesion 
and transfers, besides, the load transferred to it, so that 
the sides of the prism vertically over the pipe ulti- 
mately receive the total transfer, which amounts to 
2(f’E-+c’h). These general remarks are made to 
explain similar actions in other cases that follow. 


VARIOUS CULVERT CONDITIONS ANALYZED 


Let us now consider the cases shown in Figures 5, 6» 
and 7, where the pipe is entirely surrounded by earth 
The supposed sliding along the planes BD, B’D’ 
equals the difference in deflection, 6 ee hin Figure D3 
when h=0, e=0 and the shding of the earth to the right 
of BD is dow a and in amount, e’ — e=e", and the 
cofficients of friction and cohesion are f’, c’, correspond- 
ing; for, as proved by the experiments made in con- 
nection with Figure 1, f’ and c’ vary with e’—e or the 
amount of sliding. 

Next, suppose “h to increase from h=0 to h=h’ (h’ 
repr esents height of fill where e’ is equal to e as shown 
in Figure 6) and f’ and ce’ are both zero, since now 
there is no sliding along BD. For the case of Figure 7, 
where h> h’, e>> e’, as A increases beyond the limit 
h’, e—e’ increases from zero and f’ and c’ increase from 
zero (at h=h’) to the values f’ and c’, corresponding 
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to the height, h, and the sliding, e—e’. The coefficients 


f’, c’, ean not exceed f, c (see Eq. 2), for which e—e’ = 


0.35 ineh, as shown by experiments with the apparatus 
illustrated in Ficure 1, smee the sliding reached that 
amount just before continuous motion was attained 
when f’ and c’ attained their maximum values, f, ¢. 
Thus, as the height of fill increases, the values. of i 
and ¢’ vary, passing through zero at A=A’ and then 
increasing as h further increases, but rarely reaching 
the maxima f and c, since the sliding, e—e’ =0.35 inch 
is rarely attained ‘for a culvert pipe. 

The modified bin formula (5, PD. 210) would apply to 
the case of Fieure 8 if f’ and ec’ were known, which is, 


SURFACE, OF EARTH 





FiaguRE 5.—ConpiTION oF_Fitt WHERE h<h’ 
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FIGURE 6.—CONDITION OF Fe — = 
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Figure 7.—ConpDIiTION oF Fitn WHERE h>h’ 
unfortunately, not the case. This formula, for ¢=0, for 
a long pipe, reduces to, 


wh? (1 net) 
ps ian eeu ; 
VO= OK fr 


Where ’=vertical unit pressure at top of pipe in 
| pounds per square foot, 
b=mean diameter of pipe in feet, 
h=depth of fill over pipe in feet, 
w=weight of earth in pounds per cubic foot, 
f’ =coefficient of friction actually exerted along 
BD, B’ D’ of Figure 7, 
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k’ =ratio of horizontal to vertical unit pressure, 
kK is used as previously defined, and 
e=2.71828, the Napierian base. 
In the experiment on a smooth 30-inch iron pipe, 
thickness 0.109 inch, 100 per cent projection, for which 
w=106 pounds per cubic foot, on assuming k’ f’=0.18, 
this formular reduces to, 


: ye 1 
ie 2,550( 1 ~ pri) 


The results from this formula agree very well with 
those given by the weighing apparatus from h=h’=2 
feet to h=12 feet. 

For the bank sand, ¢= 42°, therefore f’ = tan ¢ = 0.900 
and 1! Soe? iy by Rankine’s formula; then 
k’f’=0.18 and the resulting formula does not agree 
with the experiments. The discrepancy was very much 
ereater for a thick cast-iron pipe, where k’f’ had to 
be assumed equal to 0.04 for the vertical pressures to 
agree with those given by the weighing apparatus. 
The mean diameter of the pipe was 30 inches, and its 
thickness 1 inch, so that its deflection was very small. 
Hence e—e’ is very small and it should be expected 
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FIGURE 8.— DIAGRAM USED To ILLUS- 
TRATE EFFECT OF SIDE SUPPORT 


that f’ would be smaller than tan ¢. Thus, if k’f’ =0.2f’ 
=(.04, then f’=0.2, which is much less than the max- 
mum value, tan ¢=0.9. 

This is in agreement with the contention that f’ can 
not be assumed equal to tan ¢, but that 1t varies with 
the amount of sliding along the walls BD, B’D’, and 
thus varies with h. Assuming f’ to be constant in the 
formula, assuming an average value for the depth of 
fill considered, and the formula is not exact for any 
depth. For the cast-iron pipe, 1t was found from the 
results with the weighing apparatus that the depth of 
fill for which the vertical pressure on the top of the 
pipe was exactly equal to the weight of earth above it 
was 3 to 4 feet. Thus, h’=3 feet to 4 feet, for which 
depth, f’ =0. 

When a thick cast-iron pipe or a solid plug was 
entirely buried, it was found that there was no limit to 
the value of h’, so that the case of Figure 5 was alone 
in evidence. In that case, for an assumed average f’, 
the sign of f’ must be changed. The formula is easily 
written and reduced, but, as for the previous case 
(h>h’), to apply it, the value of f’ (or k’f’) must be 
known. <As this depends on the relative deflection, 
e’—e, it is unknown, and the formula is of little value 
for design. 

In Figure 8, the pipe is supported on its lower half 
by concrete. In this case, for equal values of h, the 
value of e’ should be about half the value shown in 





Figure 5, since e’ represents the compression of the 
column of earth from B to the concrete. As before, 
when e’>e, then KW>wbh. The support given the 
pipe by the concrete under it is advisable in practice 
to avoid breaking, particularly with an irregular 
foundation. If there is no concrete under the pipe, but 
vertical walls of concrete extend up to the mid-point, 
the case is similar to some of the 50 per cent projection, 
tests except that in the tests, the walls did not touch the 
pipe which was supported by columns and not by 
earth. For the case of Figure 8, where the pipe rests 
on a cradle of concrete; or, as in the experiments, 
where concrete walls only are used, h’ must be greater 
than in the case of Figure 6, for since e’ =e, the shorter 
column of earth from B to the concrete wall, will 
require a greater weight and therefore a greater h to 
compress it the same amount. But, as e increases with 
h, the h’ for Figure 8 will be less than double that for 
Figure 6. 

Figure 7 represents a most important case, where 
h>h’ and consequently e>e’. Therefore the prism 
of earth vertically over the pipe sinks more than the 
earth outside of this prism, hence part of the weight 
of this prism is transferred outside, the reasoning being 
precisely that pertaining to Figure 4 and, 


KW=wbh—2 (f' E+¢’ h) 


The load actually on the top of the pipe, A W, is less 
than the weight of earth, wbh, vertically over it. The 
values of f’ and c’ vary with the height h. Thus their 
values, from certain finite values when fA is small, 
diminish to zero for h=h’ and then increase with h. 

There are many cases recorded of broken pipes, but 
it has been stated that a corrugated pipe under a 
40-foot fill, although badly deformed, yet preserved a 
channel for the water. Evidently, nearly all the 
weight of earth over the pipe was transferred to the 
sides. This theory shows that it is advisable in prac- 
tice either to build walls of concrete or compacted 
gravel on either side of a pipe culvert and touching it, 
or, at least, to compact the earth very thoroughly on 
either side and under the pipe. 


THEORETICAL CONCLUSIONS SUPPORTED BY EXPERIMENTAL DATA 


The theory for arch culverts is very similar to that 
for pipes, e’ being the compression of a vertical column 
of earth just outside the arch reaching from the top 
of the abutment to the level of the upper side of the 
crown and e being the deflection of the crown. Then, 
as for the pipe, according as h<h’, h=h’, h>h’, we 
shall have AW>wbh, KW=wbh, KW<wbh, respec- 
tively, where 6 is the span of the extrados and A W 1s 
the actual vertical load transmitted to the horizontal 
plane of width 6 passing through the highest point of 
the extrados. With our present knowledge, h’ can 
only be found by experiment. 

The above conception of the interaction of pipe 
culverts and fills is sustained by the experiments with 
sand filling conducted at Chapel Hill, N. C., in 1924- 
1927. 

As the sand in the interior of the fill must necessarily 
have been compressed by the weight of the material 
above it, it must weigh more per cubic foot than origi- 
nally; or w is somewhat greater than was assumed 
for the well shaken sand. If this correction could be 
made, the effect would be to diminish h’ and the line 
representing the weights of earth vertically above the 
pipe would more nearly coincide with the curve of 
vertical pressures on the pipe up to h=A’. 
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In the experiments, the weights recorded on the 
scales included the weight of earth over the pipe up 
to the level of the crown. This weight was subtracted 
to obtain KW, the actual vertical pressure on the plane 
through the top of the pipe, 6 feet wide. Then the 
experiments proved, as theory indicates, that for 


hcl’, KW >wbh, K>1, 

h=h', KW=wbh, K=1, 

h>h’, KW<wbh, K<1. 
For the clay filling the weights per cubic foot were 
roughly the same for a cube of the earth cut from the 
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FIGURE 9.—DIAGRAM USED IN Dis- 
CUSSING PRESSUREON PIPE DURING 
PLACING AND REMOVAL OF FILL 


top of the rolled fill as for the earth when the fill had 
been removed to any level. The clay recovered its 
original shape. In fact, as a heavy road roller passed 
over it, the clay was seen to sink an inch or more and 
then rise to its original level. Of course, for any fill, 
the weight per cubic foot in the interior is greater 
than at the surface after rolling, on account of the com- 
pression, but this is not shown by the weighing of a 
cube of earth cut out at the level to which the fill was 
removed, on account of the recovery of shape. The 
trench condition called for placing the pipe in a trench 
about 3.5 feet wide and extending 4.15 feet above 
the top of the pipe and then filling in with loose earth 
and completing the fill as usual. The pressures are 
less than before because of the increased sinking of 
the earth over the pipe, causing rubbing along vertical 
planes, so that much of the weight of the earth verti- 
cally over the pipe is transferred by friction and cohe- 
sion to the sides. 

When both sand and clay fill was being removed, 
the vertical pressures recorded on the scales was 
ereater than when the fill was being raised for any 
given height. To explain this, suppose the distorted 
pipe in Figure 9A not to have its elasticity impaired; 
then as earth is removed (fig. 9B), the pipe will tend 
to recover its form. To effect this, the pipe will have 
to push up the (shaded) mass of earth vertically over 
it; but this is resisted, not only by the weight of this 
mass, but also by the resistance to upward motion, 
2(Ef’+c’h), along its sides due to friction and cohe- 
sion, which always oppose the motion. It is plain 
now that an increase in the vertical pressure on the 
pipe, for the same A, in lowering the fill over that in 
raising it, could have been predicted. 

All of the preceding results show that the deflection 
of the pipe is a leading factor in the theory of the vertical 
pressure actually exerted on the pipe. Its influence 
should be more pronounced the thinner the pipe. The 
simple theory advanced has a practical value in showing 
that the case of Figure 7 is the least advantageous one 
in that there is less of the weight of the earth over the 





pipe transferred to the sides than for the cases illustrated 
by Figures 4 and 8. At least 90° of the circumference 
of any pipe should bear on the ground or on concrete, 
and any earth under it or on its sides should be well 
tamped. The conditions shown in Figure 8 are very 
favorable, particularly if the side walls are carried up 
as high as the pipe. 

For sewer trenches cut out of consolidated ground, a 
working space on either side of the pipe will necessarily 
have to be allowed; but, otherwise, the trench should be 
as narrow as possible. Thus, in Figure 7, let the verti- 
cal planes tangent to the pipe represent the sides of the 
trench in consolidated ground; then, since e’ is the de- 
flection of the hard ground, caused only by the part of 
the weight of the loose earth filled in over the pipe that 
is transferred to the sides, e’ is practically zero, and the 
weight transferred isa maximum. But, as the width of 
the trench increases, e’ will increase, since, now, it 
represents the deflection of loose earth; the weight 
transferred will decrease (by the preceding theory) and 
thus, the load actually carried by the pipe increases. 
It is thus highly desirable in practice to make the 
trench as narrow as a proper working space will allow 
and to have its sides vertical. 


APPENDIX II 
SURESeHo AND DEFLECTIONS OF PIPE CULVERTS 


By WILLIAM CAIN, Professor arose of Mathematics, University of North 
arolina 


The pressure cell readings give pressures over a small 
area and not average values over a much larger area; 
they are sometimes erratic; still they give information 
of great value. Thus, although a, the unit load at 
the crown of the pipe as determined by cell 4 reading 
(fig. 1), exceeds Kwh, as given by the weighing machine 
by from 0 to 50 per cent for the various pipes tested, 
nevertheless the variation in lateral stress on a vertical 
plane is clearly indicated by cell readings 1 and 7, 2 and 
6, 3 and 5; a, the unit lateral stress diminishing in 
going up or down from the ends of the horizontal 
diameter somewhat as represented in the diagram. 
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1.—DISTRIBUTION 
HorizonTAL PRESSURE ON SIDE 
oF PIPE 


FIGURE 


As a cell reading gives the normal component in 
pounds per square inch, let equal this normal com- 
ponent at cell 3, then to find a, consider the right prism 
of earth ABC of Figure 2, with a length of 1 inch 
perpendicular to the plane of the drawing and the sides 
AB and BC 1 inch inlength. Then AC= 2 inches. 
The prism is considered as having no weight (to corre- 
spond to infinitesimal dimensions). Resolving the 
three forces in equilibrium perpendicular to AC, we 
have, 
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a2 >= 2= OO ER SE en Ba 
The component of the stress on AC acting parallel to 
AC is carried by the friction of earth on cell. At the 
level of cells 3 or 5, the value of a, was taken as the 
reading of cell 4 approximately. 

The same formula for dj), the unit pressure on a 
vertical plane applies to readings of cells 1 and 7. 
However, if we use the full vertical pressure at this 
depth for the value of a,, the value of a2 is negative in 
half the cases. It is then certain that this full. value of 
a, is never exerted over this lower part of the pipe. 

In view of the uncertainties, @2 was assumed to vary 
somewhat as in Figure 1, though for ease of computa- 
tion, the forces acting on the pipe are taken as in Figure 
3. Here, for brevity, w’=Kw, a=cos ¢,, ON=ra. 
Then, the vertical unit load, Awh=w’h, acts on the 
pipe from B to A and the vertical reaction acts on the 
pipe from A to J, though both are drawn as if acting 
on horizontal planes. Similarly, the average lateral 





FIGURE 2.—PRESSURES ON EK; LEMEN- 
TARY PrRIsmM oF FILL 


thrust, g’ Awh=qw’h, acts along the pipe from I to J, 
though drawn as if acting on a vertical plane. 

No lateral stress is assumed to act on BI or JD. 
When ¢,= BOI = DOJ is less than 30°. the error is small 
for IB and negligible for JD, under which the earth is 
not well tamped, so that on JD, there is very little 
horizontal or vertical pressure. 

In the formulas to be derived for thin circular pipes 
of 1-inch length let, 

r=mean radius in inches, 

6 =2r=mean diameter in inches, 

t=thickness of pipe in inches, 

[= oe =moment of inertia of a normal section 
of a pipe about its neutral axis, 

h=height in inches from top of pipe to surface 
of fil 

w= weight in pounds per cubic inch of earth fill, 

K=ratio of weight of earth actually sustained 
by the upper half of pipe to the weight of 

earth vertically over it, 

w’ = Kw, so that the actual vertical load on pipe, 
assumed uniformly distributed on a hori- 
zontal plane through the top of the pipe, 
is, Akwh= w’h per square inch, 





ia his same formula is a special case of the general formula 31, p. 838 ef Cain’s Earth 
Pressure Walls and Bins. 


q=ratio of lateral load to vertical load, hence, 
qw’h=horizontal load in pounds per square inch 
on a vertical plane, 
E=modulus of elasticity of pipe in pounds per 
square inch, 

The loads being symmetrical with respect to the 
vertical diameter, the thrusts R,; and &, at B and D are 
horizontal. 

Mz, Mc, and Mp represent moments at B, C, and 
D, counter clockwise moments being taken as positive. 

The moment of R, about C=R,xXBF=R, (r—r cos 
@), which is likewise the moment about C’ = h, xX BE, 
if ¢=BOC’; for then, (r—r cos ¢)=BO+OE, since @ 
is now an obtuse angle. 


The moment of the vertical load about C 1s, 

—w' hx oc —whXr sin xr sin d= -3 
w'hr? sin? @. For C’ the load on BAC’ is that on BA 
minus the reaction on AC’. As the latter balances the 
load on CA, the moment about C’ is the same as that 


about C or — 500" hr'sin’ @ (clockwise and. therefore 


negative). For any point C’’ on JD, where ¢=BOC”, 
the vertical load on BAC”’ equals the vertical load on 
BI, since the reaction on AJ balances the load on AI. 
The load on Bl=w’hr sin ¢ and its lever arm about 


49 (5° sin ¢,;—7 sin 6) so that its moment about C”’ 


is, w’hr’ sin é(5 5 sin ¢@, —sin 6). This gives a positive 


or counter-clockwise moment when C’’ is to the night 
of the vertical through the center of gravity of the load 
on BI and a negative moment when C”’ is to the left of 
this vertical, as should be the case. 


For the lateral forces; the load on BIC =quw’h (r cos 


¢éi—r cos ¢), and its lever arm about C 1s, 5(r cos 


¢di—r cos ¢), so that its moment about C 1s — 5" hr? 


(a—cos ¢), on substituting for brevity a@=cos 4. 
When ¢=BOC’, the same formula applies, since (r cos 
6,—7 C08 é)= NO On NE. Fora point C” on J 
(= BOC”), the lateral load on BAC’’ is the total, 
qu’ h. GN =2 qw’hr cos ¢,, and its lever arm is OK 
r cos ¢$, giving a moment about C’’, 2qw’har’ cos ¢, 
which is negative since cos ¢ is negative. 


_Insumming the moments for the entire are BAD, the 
limits of the integrations must be carefully attended to. 
The sum. is, 


j, ‘Md¢= |, “Mgdo+ i} Ryr(1—cos¢)do— i} 5 w'hr?sin’ 6, 
do | w’ hr? sin (5 sin ¢,—siIn 6) do— 
m1 
™ | 
| 51 hr? (a?—2a cos ¢+cos? ¢) dd+ 


[2 gw! ali? C6s ¢ db... 2355) 
1-1 


This expression, which is proportional to the relative 
rotation of the cross sections of the pipe at B and 
is zero, since these sections, on account of symmetry 
about a vertical diameter, remain vertical. 


Thus, [Mas =(0) 
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‘nem, the horizontal displacement of B as to D 
is zero. In the displacement theory (see any book on 
arch theory) the origin is always taken at the end 
supposed free and the moment at each point, C, C’ 
or C’’, is multiplied by the ordinate at that point 
perpendicular to the supposed displacement. Thus, 
if D is regarded as the fixed end and B as the free end, 
the ordinate in question is the vertical distance from 
iB te C (or C’ or.C’’), r(1—cos ¢$); and the theory 
gives the displacement of B relative to D as, 


+ Mr —cos ¢) ds= pr, Ma —cos ¢) d¢=0, 
since, ds=d(r¢d) =rd¢. 
Since, | “ide =0, this reduces to 


Similarly, the horizontal displacement of B as to A, 
regarded as fixed, is 


r (5 
Elli COS a a ae 


Lastly, by the same rule, the decrease of the vertical 
diameter is, 


rf AG) a ne. oe 


We now proceed to integrate Equation 2, placed 


equal to zero, giving: 
aMnt+ Rir | o- sin 6|"-5 = why? | $~4 sin 26 | 


+whr’sin ¢, le 1 @+cos 6. 


Cn 


5 othr’ | 0° 2a sin o+$+ 


+2qw’hr’cos ¢; | sin 6] = 
rT—1 


On reducing, noting that sin (r— ¢) =sin ¢,. 
cos(mr— ¢,) = — cos Se sin(27—2¢,) = —sin 2¢). 
2sin ¢,cos ¢;=sin2¢;. we find, 


1 et 
pee >) 
m1 sin 26 |" 


aiV,+ Rirwt w’hr? | -7 —+— rae. +2 sin?d,) +45 sin’¢, 


‘ew. 
Selly — gw hr’ (aoe = sin2g, |= (0) 


Next, to evaluate equation 3, multiply each term to 
the right of the integral sign in equation 2 by cos ¢, in- 
tegrate, and place the sum =0. 


| Ms sin ¢+ Ry (sin ¢— $_2sin all -| 1/6.’ 


sin’s | “uii)’ ip? Sin. 6 5 sin ¢; sin ¢— : sin * 6" — dy 


— Hq" ho| a sin ¢—@ (+ — oe) +1/3sin @ (2 


cane 6) |F «a 2qw'hrtal $+ uy nee |e 20. 


to 


¥ —Ryrs = loge er sin® y+ qu’ hras =0 
RP xay'hpl —Sint 1 
Ry = Ww hry a7 +qa| oe ore (7) 


ROADS ly jai | 


On cama this value of 2; in equation 6 and reduc- 
ing, we derive 


7 My—w'hr 1/3 sin? ¢)-+sin o+7-% (1-F 2 sein” dy) 
a sin 261 |—qu'hr] ax" oe ae Ca 5)7 3/4 sin 
a ae (8) 


As acheck, place ¢,=0, @=cos ¢,=1, then equations 7 
and 8 reduce to well-known formulas. 


Tv 
ae 


2 
an independent solution for no lateral load. 


Also for ¢,= 


a=0 and equations 7 and 8 agree with 


_ But the most complete check was obtained by verify- 
ing the relation 


= = = 
{? M cos bdp+ |, Moos sde~ |. M cos ¢ doé=0 
Z 


by actually integrating between the limits indicated 
the first two terms and proving that this sum is equal 
to zero. 


The increase in the horizontal diameter by equation 
4 is 


A Xe 2 cos odd 


EI 


which is also equal to 


spy | M cos ¢ dd, 


as just seen, 


cc it u +Rir (cos @—cos * \dé— 5 
Sei |i Mz cos 6+ Ryr (cos $—cos “ [46-5 


Tv v 
‘De 1 2 

w' hr? | sin’? ¢ cos ¢ dé— 5 qno'ha? | a” cos ¢ 
0 a Pi 


—2a cos? ¢+ cos? 6)de | 


The general integrals of these terms have already been 
eiven, so that it 1s readily verified that 


ax="7] Mato EAI Gi eee O37 w! To? — quo'hr § 2s 
+134 S42 a@ sin 2¢,— = sin ¢@ (a@+2/3 


2 


1 1/3 °eOen 6) |] 


We have, finally, to derive a general formula for ver- 
tical deflection, or decrease in vertical diameter, by 
effecting the integrations of equation 5, 


a, Tv 
— - br I, M sin ¢ dé. 


The separate terms in equation 2 were each multi- 
plied by sin ¢ to the right of the integral signs; then, 
integrating, 
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sin? @ |* 





M sin ¢d¢= — Ms] cos | ~ Ry cos p+ 
1 9 a 
a os 5 "hel 1/3 cos ¢ (2+sin 6) 


+w’hr? sin | -5 sin ¢; Cos ¢— (S 


cot 


-5 qo'ha'| — a? cos ¢—a sin? ¢— 1/3 cos? 7a 


+ qu! oa) sin? 6], 
The bracketed term whose coefficient is w’hr’ sin 
1, finally reduces to | -2== = 


The first term involving g, reduces to, —quw’hr’ 
[a?+ 1/3 a‘], on replacing cos ¢, by a. | 
On reduction of all the terms, we find, 


6. — Fa 2Mpt+ 2Ryrt w'hr’ | ~1/6 cos ¢, (2 


Set Op ad) oe 5 sin ¢;) sin 6: | 


3 
— qeo’hr'| +asin? 6s | te Reel = et (10) 
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FIGURE 3.—ASSUMPTIONS AS TO THE 
DISTRIBUTION OF PRESSURE ON 
PIPE 


All of the formulas assume that the limit of elas- 
ticity has not been exceeded and that the circular shape 
of the pipe has been changed by only infinitesimal 
amounts. This is not true for very flexible pipes under 
deep fills. The pipe is distorted into a quasi-elliptical 
form, and the theory should be applied to this dis- 
torted curve in place of to the circular curve, which, 
of course, is impracticable. When stresses are finally 
computed, some limits of A or depth of fill may be 
indicated beyond which the formulas are nap Dame es 

When ¢, equals zero, sin ¢,=0, cos ¢=a@=1, in 
Fieure 3, I coincides with B and J with D, ts sete 
forces extend over the full height of the pipe and the 
vertical reaction is uniformly distributed over the base, 
the case being as represented in Figure 4. 





The equations 7, 8, 9, and 10, now reduce to, 
R, = R, a qKwhr 
Ma=Mp=% (1-9) Kwhr’ 








LAG ge (11) 
AX=G Ry Vow 
en = 1/6 ane (1—q) 


These formulas, when K=1, agree exactly with 
those derived by Arthur N. Talbot, and reported in Uni- 
versity of Illinois Bulletin No. 22 (24). 


The Equations 7, 8, 9, and 10 reduce to simple 
forms as soon as a value of ¢, is assumed, thus, for 
¢1=30°, a =cos ¢,=0.866, we derive, from equation 
7 and 8, 


= Kwhr [—0.013 + 0.8664] 
R, = Kwhr [+0.013 + 0.8669] 
MV p= Kuhr? (0.257 —0.242 q] 
My = Kwhr’ [0.356 — 0.242 q] 
M, = — Kwhr? (0.256 —0.249 q] 


The value of R, is derived from the equation, 
R,+R,=2 qu’hra, and My, by taking the moments 
about D of the forces shown in Figure sy 

Thus: 


Mp 


For M,, the forces to be considered are those 


= Mn+ R,2rt+% w’hr’sin’d, — 2qw’hr’cos 1. 


acting on BA. From Equation 9, for ¢,=80°, there 
is found the increase in horizontal. ia 
K WB 
Ae 96 96 Fyil- 04— q| Sie ee ee eee (13) 


and from Equation 10, for ¢,=30°, the decrease in 


vertical diameter, 
a 


Oe 


These formulas are inapplicable when qg exceeds a 
certain value, as will be subsequently proved. 


In Equation 12 and 13, W=wbh, the weight in 
pounds of the prism of earth vertically over the pipe 
of mean diameter 6 for a length of pipe of 1 inch. 
All dimensions are in inches, A W is the vertical load 
actually sustained by the pipe as obtained by the 
welghing apparatus. Use will now be made of Equa- 
tions 13 and 14, using the correct experimental values 
of Av, eg and K to compute qg, and compare with the 
“average q’’ as determined from the cell readings. 


Referring to Figure 1, it will be assumed, as a 
rough approximation, that the average a, acting 
on the side of the pipe considered in 0.75 times the 
value of a given by cell 2 reading. As the distribu- 
tion of any weight of earth transferred to or from the 
sides is unknown, it will be ignored, and it will be 
assumed that the unit vertical stress on a horizontal 


2When ¢1=20° the bracket in Tassie 13 is ——_* to sith 01—1 029) and that in 
Equation 14 to, {1.02—1.01g]. As 1 approaches zero these bracketed terms both ap- 
proach [1l—g} as hitherto proved 

















November, 1929 


PUBLIC 


ROADS 173 





— 














plane at the level of cell 2 is, ae (cell 4 reading) 


(cell 2 reading) 


“(cell 4 reading) 





.. average g=0.75 


Thus, for h=120 inches, r=15 inches, 


2 cell 2 reading 


Average q= 3 Sell 2 aaa 


The weight of the sand used in the fill is 107 pounds 
per cubic foot 


.. W=0.0615 pounds per cubic inch. 


The et of fill above the pipe was taken as 10 feet; 


. h=120 inches and wh=7.38, 
b=mean diameter of pipe in inches, W=whb, 
t= thickness of pipe in inches; [= Xo. 


It was assumed that— 


£'= 27,000,000 pounds per square inch for iron; 
H=30,000,000 pounds per square inch for steel; 
E=10,000,000 pounds per square inch for cast iron. 


The results are given in Table 1. 


There was a firm belief with the experimenters that 
the earth as placed under the pipe gave practically no 
bearing or reaction for perhaps 30° to 40° on either 
side. Hence the assumption, ¢;=30°, which, it is seen 
fromTable 1, gives nearly equal values of g, whether 
itis computed from Equation 13, using the experimental 
AX, or from Equation 14 with the experimental ez. 
The use of Equation 11 gives practically consistent 
results also (see columns 10 and 11) which differ only 
by 4 to 6 per cent from those given in columns 7 and 
9 of Table 1. 

In discussing the results, let us assume for simplicity, 
¢, =0, or the distribution of forces as shown in Figure 4. 
Then, up to some height of fill, corresponding to a very 
small deflection of the pipe, only active horizontal 
earth thrust is exerted. If we assume for the sand 
fill with 5 per cent moisture an internal angle of fric- 
tion? of ¢=42°, the ratio of lateral to vertical unit 
pressure, by Rankine’s formula 1s, 


_1-sin esi @ 


 1+sin ¢ ae 











3 The symbol, ¢, has been used in connection with polar coordinates of Figure 3. 
It is used here as the customary symbol for angle of internal friction. 


Now, as the height of fill increases, the experiments 
show that the vertical diameter decreases and the hori- 
zontal diameter increases, so that for a little less than 
45° above and below the ends of the horizontal diam- 
eter, the sides of the pipe spread horizontally and thus 
cause a horizontal passive resistance or reaction of the 
earth, which increases with the deflection. But when 
the intensity of this horizontal reaction is equal to the 
intensity of the vertical load on the pipe, or g=1, then 
from Figure 4, we have liquid pressure, so that there 
are no bending moments in the pipe and no deflection 
except that due to the tangential stress which causes a 

fe 
decrease in diameter of 2 a which is very small 
and negligible. Thus, we have the inconsistency that 
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Figure 4.—EQuAL DISTRIBUTION 
OF PRESSURE ON PIPE IN FouUR 
DIRECTIONS 


when qg=1, theory gives only a minute deflection, ab- 
solutely negligible, whereas experiment records a large 
deflection both vertically and horizontally. The ex- 
planation is simple. 


The theory treats the passive resistances as if they 
were active forces, always in contact with the pipe, 
and following up any inward movement, and that 
the vertical loads on the pipe remain the same, so that 
as g approaches 1, the sides move inward and the top 
rises, and when q=1, the pipe returns to its original 
position; whereas the passive resistances are caused 
entirely by the lowering of the crown and the spread- 
ing of the sides, and since the earth is imperfectly 


TABLE 1 nage of calculated and measured values of q for 10-foot fill and ¢, equals 30° in equations 13 and 14, and ¢, equals O 
in Equation 11 












































. q from Equation 11 
} KWwob3 | Experi- q by. Experi- qby | 
Kind of pipe Diameter | Thickness 1G OOH | mental | Equation mental |Equation, By aid | By aid 1 age! 
| Aa 13 €Eg 14 | of AX of ée 
i Z 3 4 5 6 i 8 9 10 1D 12 
Inches Inch | 
Steel tube, first test !_.......--- 2 eee 30 0. 349 0. 76 0. 446 0. 149 0. 71 0.172 0. 67 0. 67 0.61 | 0. 43 
Saal tube, second test 1._...............-..---...-.- 30 . 349 1. 00 . 586 . 259 . 60 Baars . 60 a6 nee . 90 
pee ON 6 owe caw eens swans oe 30 . 109 . 62 13. 20 . 569 1. 00 waol 1. 00 . 96 . 94 | .81 
SmrOciermetn 5). ..--------~+----------- 20 | . 076 | . 58 tence . 424 . 98 .477 . 99 . 94 . 93 . 98 
Re... ee. sk coc noe bwoseeeus---os 30 1,00 1, 29 . 096 | . 082 .18 . 088 . 14 .14 . 08 | mei ld 

















1In the University of Illinois Bulletin No. 22, April 28, 1908. the results of tests of cast iron are given. The modulus of elasticity of strips, 2 by 24 inches, cut out of 
cast-iron pipes and tested in cross-breaking, varied from 9,900,000 to 14,500,000 pounds per square inch; but when the pipe itself was subjected to a concentrated load and 
the exact formula for deflection was used, E& varied from 6,500,000 to 14,300,000, averaging 10,000,000 pounds per square inch. The latter value especially applies here. 
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elastic, there can be but little inward motion of the 
earth, so that the passive earth resistance does not 
(and can not) act as if it was an active thrust to restore 
the pipe to its original circular form; besides the 
supposed rise at the crown would be resisted not only 
by AW, but, in addition, by the friction and cohesion 
acting along the sides of the vertical prism of earth 
directly over the pipe which always act opposed to 
the motion. 

All the formulas tor moments, thrusts and deflec- 
tions are correct for q less than some unknown value, 
ga, corresponding to a maximum deflection. For 
g>q, all the formulas are inapplicable, since, as we 
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Ficure 5.—Forces AcTING ON PIPE IN 3-POINT METHOD 
or TESTING 


have seen, this involves a rise of the crown of the pipe, 
which is impossible. 
To clarify ideas, let us assume, as / increases, that 


i remains constant, but that g varies with h according 
4 


to the parabolic law, q=ch. Then, putting, Se =A, 


a constant, we can write for the deflection, 
ez=Ah (l1-qg)=A (h—-ve Rh’). 


a déx 
This is a maximum when Fin =0, or, when, 


3 pr 3 2 

1, —5vch=0, ull on =(), or, ~ 3" 

This is a plausible law of variation and value of q,, but 
it is only roughly approximate. 


1 


A linear variation, g=ah, would lead to q, = The 


first law seems more probable, and until more definite 
information is attainable, it may be assumed that 
when q is less than 0.67, that all the formulas are 
correct (for the hypothesis), but that when gq is greater 
than 0.67, they are inapplicable. 

However, as 1n all cases of a maximum, the results 
vary very little near the maximum value, perhaps the 
limit gq, can be extended to, say, 0.7. Such a limit 
would rule out the computations of Table 1 for both 
the “smooth iron” pipes for which values of q equal 
to 1 were derived. These should be ruled out likewise 
because the limit of elasticity has been considerably 
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exceeded, and, in fact, the breaking point nearly 
reached, as computation shows, g can not be greater 
than 1, for it entails the absurdity that a passive 
resistance should exceed the weight which produces 
it and actually overcome this weight and cause the 
top of the pipe to rise higher than its original circular 
position. 

A preferable method for finding q is to compare the 
deflection e, for a pipe under a single load P (fig. 5), using 
the three point laboratory method, with the deflection 
after the pipe is placed in the fill. 

In Figure 5, the moment at any point C is, 


M= i. ee sin ©. 


Since, from symmetry, the sections at A and B do not 
rotate, 


m/2 
: M dé=0; giving 
My-~" =0.318 Pr.-.----- (15) 
The decrease in vertical diameter, by Equation 5, is 


Dp? (ale ' Dp? (als 
oe M sin $do=—7F7), (Ms 


| Sia Qr" = VE 
5 rsin é) sing dp=+77| Ms cos 6+ Z(G 


_ sin 2¢) ale 
4 0 


2 3 
- o= ET Mp+*2* =0.150 as 
0.150° 20" 
= a - <= (16) 
On dividing Equation 14 by this equation and solving 
éz 1.8 P 
(1060) = aa We--- onc eoo (17) 


Thus, £, J, and 6 have been eliminated, so that a value 
of g computed from this equation should prove more 
accurate than one as estimated by the previous method. 
The results, by use of this formula, gave almost exactly 
the values of g of the table for the various tests on the 
“steel tube,” though the stress-strain curve was some- 
what curved. For the 30-inch cast iron pipe, 1 inch 
thick, the derived value of g was—0.05. This impossible 
negative value is perhaps partly due to the very small 
deflection, but mainly to the fact that the tube was not 
circular, the inner diameter varying in various direc- 
tions from 29.716 inches to 29.792 inches. 
On solving Equation 17 for AW, there is found, 





When q and the ratio, 7. » are known, this formula enables 


Dp 
one to compute AW, or the vertical load actually sus- 
tained by the pipe. For small deflections of the pipe, 
only active horizontal earth thrust is exerted. Thus, 
if Rankine’s formula is used, for ¢=42°, then g=0.2. 
For large deflections, passive resistance is experienced 
and gq is increased. 





, 
eee ey Fe 























££ Myers Pee a oe a 











ole a can 








November, 192 


PUBLIC 





UNIT STRESS DISCUSSED 


Let us assume compression positive, tension negative; 


_ then, if P is the tangential stress on a certain section of 


the pipe, 1 inch long, and Jf is the bending moment 
where the neutral axis crosses it, then the usual formula 
for the unit stress at the extrados or the intrados is, 


Since Jf has been assumed positive when counter clock- 
wise, the upper sign wil! refer to the extrados, the lower 
to the intrados. When all dimensions are given in 
pounds, the stresses are in pounds per square inch. 


Usually, the first term (G) can be neglected in com- 


parison with the second, or that due to bending stress. 
The latter will be tension at the intrados at B and D 
(fig. 3), but tension at the extrados at section A. The 
values of Mg, Mp, My, are given in Equation 12, which 
may be utilized to find the height of fill corresponding 
to a given stress, f pounds per square inch, for a given 


pipe. ‘Thus the unit stress at the bottom of the pipe is, 
_6My | be r 1 
f= 2 -| 0.356 0.242q | Kwh (rye --- (19) 


The bank sand constituting the fill varied in its prop- 
erties according to the amount of moisture and the 
degree of tamping, but when moderately tamped, the 
earth containing 5 per cent moisture, there was found 
¢=45°, c=10 to 20 pounds per square foot. For the 
clay filling with 21 per cent moisture, ¢=41°, c=225 
pounds per square foot. 

The value of K can only be obtained by experiment 
for a particular earth, but for the bank sand used, a 
good idea of its variation can be had by comparing 


values of : and K as given in Table 2. 


A graph showing these values of AK plotted against 
the corresponding values of (t/r) will enable a safer 
judgment to be made in case XK for a new earth has to 
be estimated. 

As to the values of g to assume, the only reliable ones, 
as given in Table 1, are those pertaining to the steel 
tube, g=0.60, g=0.71. These happen to lie near the 
supposed maximum, 0.67; so that the value q=0.67 
will be used in the last formula. 


TABLE 2.—Comparison of values of . and K for a 10-foot fill 














Kind of pipe Diameter eng es £ kK 
an es 
Inches Inch | 

eeaootMiron _.......-..---------------- 30 0.109 0. 0073 0. 62 
Memoueirorm..............-...-.-------- 20 . 076 0076 . 58 
SPO ne cee nese 30 . 349 0233 . 88 
MPT ce eee cc nncnnu= 30 1. 000 . 0667 1. 29 
paid) plug_.__._._-.......--......-....- COL ee i 1. 67 
Beeingiig 22. _._..---..----22------a2- a Lo ate tlle | oe Is87 





For a steel pipe, assume a safe stress of f=20,000 
pounds per square inch. 

For the sand fill, as before, w=0.0615 pounds per 
cubic inch. 

H=height of fill in feet ... h=12 H. 

Equation 19 reduces to, 


23,300 
ie es ae (20) 
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Thus, for A=1, t=0.5 
feet. 

For the steel tube, A =0.88, t = 0.349 inch, r= 15 inches. 

Whence H=14.3 feet is the height of {ill giving the 
stress in the pipe of 20,000 pounds per square inch. 

For the clay filling used in some of the earlier experi- 
ments, weighing 120 pounds per cubic foot (w=0.0694 
pounds per cubic inch), Equation 19 reduces to, 

20,600 ?? . 
ies fais 29555 —4-=25 OY) 

For the clay filling, A was greater than for sand and, 
to be on the safe side, it had best be assumed equal to 
or greater than unity. 

The sole experiment on the 30-inch cast-iron pipe, 
1 inch thick, involved only active earth thrust; but if 
we assume, as the height of fill (and deflection) in- 
creases, that g increases up to the limit 0.67, as before, 
and likewise assume a safe tension of 8,000 pounds per 
square inch, then the values of as given by Equations 
20 and 21 are reduced in the ratio 8 to 20 or 4 to 10. 
Of course such formulas are approximate, and it is 
highly desirable to make a record of failures for use in 
amending them. 


ineh, r=15 inches, 1? =25.9 
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